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The van der Waals and Platteeuw hydrate equation of state, coupled with the classical 
thermodynamic equation for hydrates, has been used in the prediction of hydrate 
formation for over thirty years.  The standard approach in using these models to predict 
hydrate equilibrium does not explicitly include them in the flash calculation.  Several 
limitations of this method have been removed in a new derivation of the model. 
 
In this work, a direct derivation of the standard empty hydrate lattice fugacity has been 
given.  This allows for description of the hydrate phase itself.  The ideal solid solution 
assumption is removed by defining a specific volume of the standard hydrate lattice.  The 
activity of water in the hydrate is a function of the energy difference between the real and 
standard lattice, via an activity coefficient.  This approach, which allows for distortion of 
the hydrate from its standard state, gives a more accurate composition of the hydrate and 
significantly improves hydrate formation predictions at high pressure.  As a direct result 
of accounting for a changing hydrate volume, the cage radii are functions of the hydrate 
volume.  Direct incorporation of spectroscopic data is crucial for parameter optimization 
in the model. 
 
We have included the hydrate phase in a Gibbs energy minimization, multi-phase flash 
routine.  A total of ten phases (3 fluid, 3 hydrate, and 4 pure solid) are accounted for in 
the flash routine.  This allows for hydrate phase properties to be calculated at any 
temperature and pressure (not just at the formation boundary) and with any other 
coexisting phases. 
 
Development of the hydrate prediction program, CSMGem, was also part of this work.  
The program was written in Visual Fortran and linked with Visual Basic for ease of use.  
A comparison of CSMGem and four commercially available hydrate prediction programs 
was made with over 1650 hydrate formation data points and several other types of 
hydrate data.  CSMGem compares favorably with the other programs.  An analysis of all 
hydrates of methane, ethane, and propane was performed at seafloor temperatures (277.6 
K).  Interesting phenomena occur (i.e. structural transitions and pseudo-retrograde 
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Since each reader has a different perspective, it is worthwhile to provide a guide 
for reading this thesis.  Due to the large amount of information contained in this thesis, it 
would be helpful to briefly discuss the layout of the thesis so that the reader may skip to 
relevant sections.  The thesis is broken into several sections, pertaining to various stages 
of the work: theory, computer implementation, application, and details.   Depending on 
the background of the reader, he may choose to skip to more relevant material.  A brief 
description of each stage will be given. 
 
Theory 
 This section discusses the development of the Gibbs energy minimization 
prediction method.  The equations needed for multi-phase thermodynamic equilibrium 
and the approach in solving them are given in Chapter 2.  Chapter 3 discusses the 
fugacity models used in this work.  Note that the current hydrate fugacity model is given 
in this chapter.  Chapter 4 proposes a new derivation of the hydrate fugacity model based 
on spectroscopic measurements of the hydrate phase. 
 A discussion of the fugacity parameter optimization procedure is also given in this 
section.  Chapter 5 gives the optimization results for all non-hydrate phases as well as the 
classical approach to optimizing hydrate parameters.  Chapter 6 gives a new approach to 
optimizing the hydrate parameters using hydrate phase properties such as composition, 
cage occupancy ratios, structural transitions, and volume.  The setup for a Gauss-Newton 
optimization procedure is developed so that parameters can be regressed simultaneously.  
An analysis of the optimized parameters is also given. 
This section also considers predictions of hydrate data in efforts to validate the 
new hydrate model.  All available experimental data on hydrates were predicted using the 
 
 xxviii 
model in this work (CSMGem) and four commercially available hydrate prediction 
programs: CSMHYD, DBRHydrate, Multiflash, and PVTsim.  Chapter 7 gives the 
results.  Comparisons are made between the program predictions to see the limitations of 
each.   
 
Computer Implementation 
The development of a Windows based program, to be used by the funding 
companies, was another aspect of this work.  Chapter 8 discusses the development of the 
CSMGem program and details involved.  The treatment of undefined components 
(petroleum fractions) is also given in this chapter. 
 
Application 
 To show the power of being able to predict hydrate phase equilibria above 
formation conditions, Chapters 9 and 10 give analysis of different hydrate systems.  
Chapter 9 gives a complete analysis of the methane, ethane, and propane hydrates near 
seafloor temperatures.  Chapter 10 discusses other interesting hydrate systems using 
predictions from the model developed in this work.  Conclusions and recommendations 
for continuing this work are given in Chapter 11. 
 
Details 
 In order not to overload the reader with details, appendices are used to give non-
essential information.  Appendix A gives the ideal distribution coefficients (K-values) 
used in the initialization of the Gibbs energy minimization method.  A more detailed look 
at the solution procedure for several types of calculations is given in Appendix B.  
Appendices C, D, and E are listings of the data used in the optimizations, comparisons of 





CHAPTER 1 -  INTRODUCTION 
 
This chapter serves several purposes: 1. an introduction to clathrate hydrates, 2. 
current topics in hydrate research, 3. an introduction to the modeling of clathrate 
hydrates, and 4. an indication of what this work encompasses with respect to clathrate 
hydrates.  This chapter will provide background so that following chapters can be better 
understood. 
 
1.1 Clathrate Hydrates 
Clathrate hydrates are non-stoichiometric crystalline compounds that consist of a 
hydrogen bonded network of water molecules and enclathrated molecules.  Davy (1811) 
first observed clathrate hydrates in the chlorine+water system.  It wasnt until 1934, 
however, that clathrate hydrates were extensively studied.  Hammerschmidt (1934) found 
that natural gas transport lines could be blocked by the formation of clathrate hydrates.  
This raised a lot of attention in the oil and gas industry, prompting more research to be 
performed on clathrate hydrates of natural gas.  With the majority of research being done 
on clathrate hydrates of natural gas, clathrate hydrates are typically referred to as natural 
gas hydrates. 
Natural gas hydrates are formed when natural gas is brought into contact with 
water, generally at low temperatures and high pressures.  The guest molecules most 
common in natural gas systems are hydrocarbons ranging from methane to i-pentane.  
These gases make up greater than 98 mole percent of a typical natural gas in United 
States pipelines.  Therefore, the majority of the experimental work performed in the last 




There are three basic hydrate structures known to form from natural gases: 
structure I (sI), structure II (sII), and structure H (sH).  The type of hydrate that forms 
depends on the size of the gas molecules included in the hydrate.  In general, small 
molecules such as methane or ethane form sI hydrates as single guests, larger molecules 
such as propane and i-butane form sII hydrates, and even larger molecules such as i-
pentane form sH hydrates in the presence of a small help molecule such as methane.  
When sI, sII, and sH hydrate formers are in a mixture, it is not easy to generalize which 
hydrate structure will be present.  However, the type of hydrate that forms will depend on 
the composition, temperature, and pressure of the system.   
The basic "building block" of each of these structures is the pentagonal 
dodecahedron, which is a 12-sided pentagonal faced polyhedral (512).  There are twenty 
water molecules in this cage with the oxygen atoms at each vertex and the hydrogen 
atoms either chemically or hydrogen bonded between each oxygen atom.  The bonds 
between the hydrogen and oxygen molecules essentially hold the cage together, and the 
guest molecules serve to keep it from collapsing.  Depending on what gases are present 
and ultimately which hydrate structure is formed; these basic cages stack to form more 
complex cages.  For sI hydrates they form tetradecahedron cages that have 12 pentagonal 
and 2 hexagonal faces (51262).  For sII hydrates, hexadecahedron cages are formed; 12 
pentagonal and 4 hexagonal faces (51264).   For sH hydrates, two new cages are formed 
which are, using the previous nomenclature for a cage, 435663 and 51268.  Figure 1.1 







Figure 1.1 Cavities which combine to form different hydrate structures               
A) 512  B) 435663  C) 51268  D) 51262  E) 51264 (A, D, E reproduced with 
permission from Jeffrey and McMullan 1967; B, C reproduced with 
permission from Lederhos et al. 1992) 
 
A unit cell of a particular hydrate structure is specified by how the respective 
cages combine to form a periodic crystalline lattice.  Figure 1.2 shows how the various 
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For example, one unit cell of sI hydrate contains 2 512 cages and 6 51262 cages.  Notice 
that the relative amount of small (512) cages varies within each hydrate structure.  For 
instance, sI hydrates are comprised of one-quarter 512 cages, sII hydrates are comprised 
of two-thirds, and sH hydrates are comprised of one-half.  Differences between the 
hydrate structures such as this play a major role in stability considerations. 
 
1.2 Current Topics in Hydrate Research 
Traditionally, research in hydrates has been focused toward natural gas 
production applications (i.e. oil and gas pipelines).  However, recent discovery of 
hydrates in permafrost and deep ocean sediments has sparked a push to look at hydrates 
in natural environments (natural hydrates).  This section discusses a few of the current 
areas of research in hydrates. 
1.2.1 Hydrates in Flow Assurance 
Since Hammerschmidt found that natural gas transport lines could be blocked by 
the formation of hydrates, nearly all research was focused on natural gas hydrates.  
Typical thermodynamic experiments consisted of determining the hydrate formation 
temperatures and pressures of given gas mixtures in contact with water.  Figure 1.3 is a 





Figure 1.3 Cartoon of hydrate flow assurance problem 
 
The goal in hydrate flow assurance is to keep the pipeline conditions outside of hydrate 






















Figure 1.4 Plot of offshore pipeline profile and hydrate formation curve 
 
The shaded region represents temperature and pressures in which hydrates are 
thermodynamically stable.  The thick line is the temperature and pressure profile of the 
pipeline, with markers representing the number of miles from the reservoir.  At around 5 
miles from the reservoir, the pipeline is in the hydrate formation conditions, and 
continues to be in this region until around 30 miles.  Note that the increase in the 
temperature of the pipeline from 23 to 30 miles is due to shallow, warm water. 
It is difficult to alter the temperatures and pressures in the pipeline.  Therefore, 
chemicals are typically injected into the pipeline to inhibit hydrate formation.  One 
additive typically used is an alcohol (i.e. methanol), which alters the thermodynamic 




in some cases, so much alcohol is needed that it is economically infeasible to use this 
approach. 
Another additive commonly used to prevent hydrate blockages in offshore 
pipelines is low dosage kinetic inhibitors (KIs).  These chemicals are designed such that 
they prevent hydrates from growing once nucleation has started.  This is much different 
than thermodynamic inhibition (i.e. alcohol) in that the formation conditions of the 
hydrates are not altered.  It has been hypothesized that the KIs prevent hydrate crystals 
from growing by adsorption with a part of themselves (the pendant group) in the 51264 
cages of the sII hydrate and preventing further growth (Lederhos 1996). 
1.2.2 Hydrates as an Energy Resource 
Recently, hydrates of predominantly methane have been found in sediments 
below the seafloor and in permafrost regions (Haq 1999, Max 2000) as shown in the 








Figure 1.5 Cartoon of hydrates in deep ocean sediments and permafrost regions 
 
The density (amount per volume) of methane is much greater in hydrates than in the 
vapor phase.  Because of this, the amount of methane in hydrates at the sea floor and 
permafrost regions is estimated to be orders of magnitude more than of methane in all 
known reservoirs in the world (Collett 2000).  It has been proposed that this gas be used 




sources, has setup a national project on this subject and is currently investigating natural 
hydrate energy potential (Denney 2002). 
1.2.3 Natural Hydrates as a Consideration for Seafloor Stability 
From an industrial perspective, hydrates in deep ocean sediments may be harmful 
to sub-sea installments.  If a pipeline is lying over a bed of hydrates, the heat from the hot 
pipeline will transfer to the natural hydrates in sediments.  If the temperature of the 
hydrates is greater than the formation temperature at the hydrostatic pressure, the 
hydrates will dissociate; possibly causing slumping to occur (Dillon et al. 2001, Hovland 







Figure 1.6 Cartoon of slumping caused by natural gas pipeline 
 
If this occurs, the pipeline will not be able to support its own weight and break, causing 
oil and gas to leak into the ocean (as well as the methane gas trapped in the hydrate).   
 
1.3 Modeling of Natural Gas Hydrates 
For each of the current topics in thermodynamic research, a thermodynamic 
model for hydrate stability is needed.  Hydrates are non-stoichiometric in that the 
composition of the hydrate is not constant.  The filling of the cavities in the hydrate 




the system.  This phenomenon poses quite a challenge in the modeling of natural gas 
hydrates. 
A first approximation for modeling hydrate phase equilibria was developed by 
Katz (1945).  In this approach, the hydrate formation temperatures and pressures for 
several gases were correlated to the specific gravity of the gas mixture.  Since it was not 
yet determined that there are several types of hydrate structures when this method was 
developed, it is independent of hydrate structure.  This method can only determine the 
hydrate formation temperatures and pressures and not the hydrate composition.  
Therefore, another method was developed to account for hydrate composition. 
A second and more detailed approximation in modeling hydrate phase equilibria 
was conceived by Wilcox et al. (1941).  They found that, since hydrates act as a solid 
solution, distribution coefficients (K-values) could be used to represent the water-free 
mole fraction ratio of hydrate guests in the vapor and hydrate phases.  With these K-
values (water-free vapor composition over the water-free hydrate composition), which 
were only a function of temperature and pressure, the formation of hydrates could be 








− =∑          1.1 
where yi is the water-free mole fraction of guest i in the vapor and Ki is the water-free K-
values determined by Wilcox et al.  The temperature and pressure at which Equation 1.1 
is true is the formation point of hydrates.  This method was also developed independent 
of hydrate structure.  However, the correlations represent natural gas hydrate formation 
points fairly well and can give an approximation of hydrate composition. 
  In the early 1950s, von Stackelberg and co-workers determined, via X-ray 
diffraction, that there were two types of hydrates: sI and sII.  With knowledge of the 
crystal structure of hydrates, a statistical thermodynamic model of hydrate phase 




expression for the chemical potential of water in any hydrate structure was developed 
using an approach analogous to Langmuir adsorption. 
The van der Waals and Platteeuw model was difficult to use compared to the 
earlier two methods.  While the gas gravity and K-value methods could be performed 
with a hand calculation, the method of van der Waals and Platteeuw could not.  This 
posed problems for the applicability of the van der Waals and Platteeuw model in 
industrial settings.  With the advent of computers, however, this method became the 
method of choice. 
In 1964, Saito et al. (1964) developed expressions for calculating hydrate phase 
equilibria using the chemical potential of water in hydrates developed by van der Waals 
and Platteeuw.  Their approach allowed the hydrate formation pressures and temperatures 
to be determined by equating the chemical potential of water in the hydrate with that in 
the aqueous or ice phase.  This method was not widely used until Parrish and Prausnitz 
(1972) developed an iterative scheme, using the equations developed by van der Waals 
and Platteeuw and Saito et al., for use on a computer.  The Parrish and Prausnitz scheme 
does not explicitly incorporate the hydrate phase.  In their method, the thermodynamic 
equilibrium of the fluid phases is determined and then compared to the hydrate phases.  
The temperature or pressure is then found such that the chemical potential of water is 
equal in all phases (including the hydrate phase). 
This work was landmark in that it allowed, for the first time, the application of 
statistical thermodynamics in an industrial setting.  The van der Waals and Platteeuw 
model coupled with the Parrish and Prausnitz method to solve for hydrate formation have 
remained relatively unchanged in the last 30 years. 
 
1.4 Motivation for a New Approach to Hydrate Modeling 
For industrial use, the method of Parrish and Prausnitz for determining the 




prevent hydrate formation in pipelines.  For example, if the temperature and pressure 
profiles are known for a given pipeline, the regions of possible hydrate formation can be 
determined using the hydrate model (i.e. Figure 1.4).  With that determined, chemicals 
can be injected into the pipelines to prevent hydrate formation.  For this reason, there has 
been no need in developing another method for hydrate phase equilibria.  However, 
current hydrate related problems dictate that another approach to hydrate modeling is 
needed. 
1.4.1 Use of Hydrate Kinetic Inhibitors 
Experiments at the Colorado School of Mines have shown that KIs do not work 
as effectively on sI hydrates.  This is most likely because the 51262 cage of sI is not large 
enough to incorporate the head group of the KIs.  This has never been a problem in the 
pipeline scenario because sII hydrates are typically formed.  However, it has recently 
been found, via models and experiments, that some natural gases form sI hydrates at high 
pressures.  Models and experiments also show that, although sII hydrates form at the 
incipient conditions, sI hydrates may form at pressures higher than the formation 
pressure, coexisting with sII hydrates.  In this case, the KIs may inhibit the sII hydrates 
from forming, while allowing sI hydrates to grow. 
When using KIs for hydrate inhibition in a pipeline, it could be necessary to 
determine if sI hydrates form at conditions above formation conditions.  The method of 
Parrish and Prausnitz is not suitable for this type of calculation. 
1.4.2 Hydrates in Natural Environments 
As discussed earlier, significant amounts of hydrate are found in deep ocean 
sediment.  Along a vertical plane of ocean floor, acoustic imaging is used to determine 
the depths at which these hydrates are present.  A typical hydrate accumulation, shown as 




that the bottom simulating reflector (BSR), the horizontal thick line, represents the 
bottom of a hydrate accumulation. 
 
 
Figure 1.7 Acoustic image below sea-floor indicating hydrate accumulation 
(reproduced from Hyndman et al. 2001) 
 
That is, hydrates are present at depths less than the BSR and not present below the BSR.  
The pressure and temperature conditions at the BSR are such that hydrates are not stable 
below it (i.e. the temperature is too high).  Therefore, the BSR represents the pressure and 
temperature at which hydrates first form. 
While it is important to know the properties of the hydrate at the BSR depth, the 
majority of the hydrate accumulation is not at these temperature and pressure conditions.  
Therefore, the properties need to be known at conditions higher than at the formation 
conditions.  Natural hydrates have been around for many millennia and have most likely 
reached an equilibrium state with their surrounding phases (i.e. aqueous, vapor).  The 




formation conditions (at the BSR).  However, the properties need to be known at 
pressures well above this condition. 
In order to apply proper kinetic and transport models to the systems discussed in 
Sections 1.2.1 through 1.2.3, a thermodynamic model, able to determine the properties of 
the hydrates at any temperature and pressure, is needed. 
 
1.5 A New Approach to Hydrate Modeling 
In order to give a complete description of the hydrate phase at any temperature 
and pressure, the hydrate phase must be explicitly part of a flash algorithm.  The Parrish 
and Prausnitz method does not allow this.  Therefore, another method is needed which 
essentially treats the hydrate phase as just another phase in a flash calculation. 
Two tools every engineer needs are mass and energy balances.  Therefore the 
ideal predictive method would be able give the engineer quantities for which the balances 
can be calculated.  Quantities that the engineer needs, at any temperature and pressure, 
are: 
• stable phases 
• phase amounts 
• composition of each phase 
 
An approach for phase equilibria calculations that can determine each of the above 
quantities is needed.  In this work, we use a Gibbs energy based flash calculation to 
calculate each of these quantities at any temperature and pressure. 
Multi-phase flashes are commonly performed for vapor-liquid-liquid (V-L-L) 
equilibria and have been around for many years (Baker et al. 1982).  These types of 
flashes are based on the criterion of minimizing the Gibbs energy of a closed system.  A 
multi-phase flash calculation is just an extension of the common two-phase flash, if care 
is taken.  In this sense, it should be a simple task to add the hydrate phase into a flash 




work, Gupta developed the equations and solution procedure necessary to calculate 
hydrate phase equilibria at conditions other than hydrate formation.  However, the 
method of Gupta has been overlooked in the last 10 years. 
 
1.6 How This Work Serves to Advance Hydrate Thermodynamics 
In this work, we attempt to change the way in which hydrates are considered from 
a thermodynamic perspective.  We propose four major advances in the area of hydrate 
thermodynamics: 
 
1. modification of the van der Waals and Platteeuw model, 
2. thermodynamic treatment of hydrates in a manner typical of any other phase, 
3. implementation of the new hydrate model into a multi-phase flash program 
(CSMGem) using a modified version of the method Gupta, and 
4. a complete analysis of methane, ethane, and propane hydrates at and above 
hydrate forming conditions, showing the power of the Gibbs energy 
minimization procedure. 
 
Each of these advances will be discussed thoroughly within this thesis.  A brief overview 
of each is given here. 
1.6.1 Modification of van der Waals and Platteeuw Model 
The van der Waals and Platteeuw model has been used relatively unchanged since 
its development in 1959.  However, current high pressure hydrate formation data suggest 
that the model is not valid at high pressures, which was one of the main driving forces for 
this work.  We have modified the model by getting rid of two major assumptions used in 
its development.  We introduce a volume-based hydrate activity coefficient that accounts 
for non-ideal effects of the hydrate guests.  Predictions with the new model at high 




1.6.2 Thermodynamic Treatment of the Hydrate Model 
The current treatment of the chemical potential of water in hydrates is to compare 
it to the aqueous or ice phase.  This treatment stemmed from the work of Saito et al. and 
has remained unchanged for over 30 years.  This approach is restricted in that an aqueous 
or ice phase must be present in order to calculate the hydrate stability.  It also introduced 
what are typically referred to as difference properties; properties relating the Gibbs 
energy and enthalpy of formation, heat capacity, and volume to the aqueous or ice phase.  
The difference properties serve to complicate the understanding of hydrate 
thermodynamics, making it difficult to see hydrates in a typical thermodynamic sense.  In 
this work, we choose to treat the hydrates in a manner similar to that of any other solid 
phase.  This approach not only removes the restriction that an aqueous or ice phase be 
present, but also serves to treat the hydrate as an individual phase. 
1.6.3 Implementation of Hydrate Model into a Multi-Phase Flash Program 
The work of Gupta was certainly groundbreaking in that the hydrate phase was, 
for the first time, incorporated in flash calculations.  However, Gupta did not report some 
key aspects of the incorporation.  Hydrates are highly non-ideal from a thermodynamic 
perspective in that the composition of water in the hydrate is bounded and the fugacity of 
water in the hydrate is a strong function of this bounded composition.  These two aspects 
of hydrates require a special treatment in a flash calculation, which are not reported by 
Gupta.  In this work, we give the complete procedure needed for incorporating hydrates 
in a multi-phase flash program (CSMGem).  We have also developed a new initial guess 
procedure based on ideal K-values. 
The CSMGem program is the culmination of several separate aspects of this 






























Figure 1.8 Schematic of the development procedure for the CSMGem program 
 
Each box and circle represents a different aspect of the development while the lines 
attaching them represent the process of incorporating them to each other.  The dashed 
lines and boxes represent work performed by other researchers in this laboratory while 
the solid lines and boxes represent this work.  The diagram is read in a left-to-right, top-
to-bottom procedure. 
The proposed modifications to the hydrate fugacity model stem from direct 
measurements of the hydrate phase using x-ray diffraction (XRD), Raman spectroscopy, 
and nuclear magnetic resonance (NMR) spectroscopy.  The proposed hydrate fugacity 
model incorporates a substantial amount of hydrate phase measurement data via 
optimization of the parameters.  The hydrate, aqueous, hydrocarbon, and pure phase 
fugacity models are all linked using a Gibbs energy minimization (GEM) flash algorithm.  
The GEM flash algorithm is coupled with an attractive Windows interface, using Visual 




1.6.4 Analysis of Methane, Ethane, and Propane Hydrates 
Since the method developed by Gupta is fairly new, the power of it has not been 
fully appreciated within the hydrate community.  One of the reasons for this is that an 
analysis of hydrate phase equilibria above formation conditions was never done.  In this 
work, we use the method to give a complete description of the hydrate phase equilibria at 
and above formation conditions.  To be consistent with industrial purposes, we make this 
analysis for all hydrates of methane, ethane, and/or propane, the three most abundant 
components in a natural gas.  This is the first time an analysis such as this has been done. 
 
1.7 Publications Resulting from This Work 
In the course of this work, several publications have resulted.  The publications 
are separated into two categories: 1. analysis of hydrates phase equilibria predictions and 
2. hydrate modeling.  The publications resulting from the analysis of hydrates phase 
equilibria predictions are: 
 
1. Ballard, A.L., and Sloan, E.D., Jr. (2000) Optimizing thermodynamic parameters 
to match methane and ethane structural transition in natural gas hydrate equilibria. 
Annals of the New York Academy of Sciences, 912, 702-712, 
 
2. Subramanian, S., Ballard, A.L., Kini, R., Dec, S.F., and Sloan, E.D., Jr. (2000) 
Structural transitions in methane+ethane gas hydrates - Part I: Upper transition 
point and applications. Chemical Engineering Science, 55, 5763-5771, 
 
3. Ballard, A.L., and Sloan, E.D., Jr. (2000) Structural transitions in methane+ethane 
gas hydrates - Part II: Modeling beyond incipient conditions. Chemical 
Engineering Science, 55, 5773-5782, 
 
4. Subramanian, S., Ballard, A.L., Kini, R.A., Dec, S.F., and Sloan, E.D., Jr. (2000) 
The phase changes in CH4+C2H6 hydrates, and their impact on oil and gas 
production. Energy and Environment: Technological Challenges for the Future, 





5. Ballard, A.L., Jager, M.D., Nasrifar, Kh., Mooijer-van den Heuvel, M.M., Peters, 
C.J., and Sloan, E.D., Jr. (2001) Pseudo-retrograde hydrate phenomena at low 
pressures. Fluid Phase Equilibria, 185, 77-87, 
 
6. Kini, R., Huo, Z., Ballard, A.L., Jager, M.D., Bollavaram, P., Dec, S.F., and 
Sloan, E.D., Jr. (2001) Importance of hydrate phase measurements in flow 
assurance and energy storage. 80th Annual GPA Conference, San Antonio, Texas, 
March 12-14, 
 
7. Ballard, A.L., and Sloan, E.D., Jr. (2001) Hydrate phase diagrams for methane+ 
ethane+propane mixtures. Chemical Engineering Science, 56, 6883-6895, and 
 
8. Ballard, A.L., and Sloan, E.D., Jr. (2002) Hydrate separation processes for close-
boiling compounds. To be presented at 4th International Conference on Gas 
Hydrates, Yokohama, Japan, May 19-23, 2002. 
 
The publications resulting from hydrate modeling are: 
 
1. Pratt, R.M., Ballard, A.L., and Sloan, E.D., Jr. (2001) Beware of singularities 
when calculating clathrate hydrate cell potentials. AIChE Journal, 47(8), 1897-
1898, 
 
2. Ballard, A.L., and Sloan, E.D., Jr. (2001) The next generation of hydrate 
prediction:  I. Hydrate standard states and incorporation of spectroscopy. Fluid 
Phase Equilibria, in press, 
 
3. Ballard, A.L., and Sloan, E.D., Jr. (2002) The next generation of hydrate 
prediction:  III. Gibbs energy minimization formalism. To be extracted from 
Chapters 3 of this thesis 
 
4. Ballard, A.L., and Sloan, E.D., Jr. (2002) The next generation of hydrate 
prediction:  IV. A comparison of available hydrate prediction programs. To be 
extracted from Chapter 7 of this thesis. 
 
5. Ballard, A.L., and Sloan, E.D., Jr. (2002) The next generation of hydrate 
prediction:  An overview. To be presented at 4th International Conference on Gas 





This thesis is essentially a combination of each of the above publications.  Since this is a 
thesis, however, more detail is given.  The CD-ROM accompanying this thesis contains 




CHAPTER 2 -  GIBBS ENERGY MINIMIZATION 
 
Operating conditions in pipelines and in-situ conditions of natural hydrates are 
rarely at the pressure and temperature of hydrate formation/dissociation.  However, 
previous methods to calculate the hydrate phase equilibria can only be used at the 
formation/dissociation conditions.  Therefore, a method to calculate the system, in 
particular hydrate, properties at any pressure and temperature is desired.  This chapter 
discusses the approach taken to perform these types of calculations using the Gibbs 
energy of the system as a criterion. 
 
2.1 Introduction 
To calculate thermodynamic equilibrium for a closed system, three fundamental 
conditions must be met: 
1) temperature equilibrium of all phases, 
2) pressure equilibrium of all phases, and 
3) equality of fugacity in each phase present, 
 
all resulting from the Gibbs energy being at a minimum (Gibbs 1875).  These conditions 
are commonly used in developing procedures for solving for thermodynamic equilibrium.  
For a system of known phases, meeting the first three conditions will ensure that the 
Gibbs energy is at a minimum.  The most common implementation of these conditions is 
for the two-phase system, vapor and liquid hydrocarbon, known as the VLE Flash. 
The requirement that the Gibbs energy of the system must be at a minimum, at a 
given temperature and pressure, is a statement of the second law of thermodynamics.  
Meeting conditions 1 through 3 is necessary for thermodynamic equilibrium but is not 




further in their development of a solution procedure for multi-phase equilibrium 
calculations.  For simple systems in which the phases present at equilibrium are known 
(i.e. vapor and liquid hydrocarbon), however, conditions 1 through 3 are commonly used 
with no problem.  When solving for thermodynamic equilibrium in a more complex 
system in which several phases could form, a fourth criterion, the minimum of Gibbs 
energy, may be used.  That is, if the amount of phases present at the solution is not 
known a priori, the Gibbs energy must be used to determine what phases are present. 
 
2.2 Implementing Conditions 1 to 3 
Implementation of conditions 1 to 3 is done following a similar procedure as that 
of a two-phase system (Rachford and Rice 1952).  For a system with C components and π 









=∑ ,    i = 1,,C    2.1 
where αk is the normalized molar amount of phase k (i.e. phase fraction) and xik is the 
mole fraction of component i in phase k.  We can define a reference phase, r, with the 












+ =∑ ,     i = 1,,C.  2.2 
We can group the mole fraction of component i in the reference phase on the left hand 
side of Equation 2.2 to obtain 
1
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∑     i = 1,,C.  2.3 























=∑      k = 1,,π.   2.4b 
Equation 2.3, with constraints 2.4a and 2.4b, must be satisfied for a closed system in 
order for the mass balance to be conserved. 
Imposing constraints of equality of temperature, pressure, and fugacity in all 








= =     i = 1,,C k = 1,,π 2.5 
where fik and φik are the fugacity and fugacity coefficient of component i in phase k, 







= =     i = 1,,C k = 1,,π 2.6 
where we have defined Kik as the ratio of fugacity coefficients of component i between 
phase k and the reference phase, r.  Note that for phases not present at thermodynamic 
equilibrium, Equation 2.6 will not be satisfied. 
It is common practice to replace the mole fraction ratio in Equation 2.3 with Kik.  
However, since Equation 2.6 is only valid for phases that are present at equilibrium, this 
can only be done if all of the phases k = 1,,π are present.  This is the approach 
commonly taken for two-phase (vapor and liquid hydrocarbon) systems and can also be 
used for multi-phase systems (Rachford and Rice 1952, Michelsen 1982a, 1982b).  Note 
that if the phases at equilibrium are known a priori, this approach is valid.  However, our 




in our case.  Therefore, a relation similar to that of Equation 2.6 must be derived such that 
it is valid for all phases (present or not). 
 
2.3 Introducing Condition 4: Minimum of Gibbs Energy 
The key to the problem of minimizing the Gibbs energy is finding an equation 
similar to Equation 2.6 such that it is valid for all phases (present or not).  As a starting 








= =      i = 1,,C k = 1,,π. 2.6 
We would like an equation that reduces to Equation 2.6 for phases that are present but not 
for phases that are not present.  The ratio 
 
1    if phase  present      
   







  i = 1,,C k = 1,,π 2.7 
will help to obtain our goal.  First recall that the reference phase is always present.  
Therefore, for any other phase that is present, the fugacity of each component in that 
phase must be equal to that in the reference phase.  Conversely, for any phase that is not 
present, the fugacity of each component in that phase is larger than that in the reference 
phase. 
Multiplying the mole fraction ratio in Equation 2.6 by the fugacity ratio in 
Equation 2.7, we get 
 exp lnir ik ir ik ikik
ik ir ik ir ir
x f x fK
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 i = 1,,C k = 1,,π. 2.8 
Gupta (1990) showed that the natural log of the quotient of fugacities in Equation 2.8 is 
equal for all components in a given phase k, and refers to this value as the stability of 
phase k.  Therefore, we define the variable, θk, as the stability variable and rewrite 









θ=       i = 1,,C k = 1,,π. 2.9 
Equation 2.9 is valid for all phases regardless of that phases presence in the system.  
Gupta (1990) showed that defining the mole fraction ratio in this manner is equivalent to 







     k = 1,,π.   2.10 
That is, if αk > 0 then phase k is present and θk = 0 and likewise, if αk = 0 then phase k is 
not present and θk ≠ 0.  Note that Equation 2.10 is always satisfied for the reference phase 
by definition of θk. 
Replacing the mole fraction ratio in Equation 2.3 with Equation 2.9, we obtain 
1
k
r k ik ir i
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∑    i = 1,,C   2.11 
which is valid for all considered phases.  Imposing constraint 2.4a on Equation 2.11, the 



















   i = 1,,C.   2.12 
Using Equation 2.9 and recognizing that Kir = 1 and θr = 0, Equation 2.12 can be 




















   i = 1,,C k = 1,,π. 2.13 
Summing Equation 2.13 over all components, and imposing constraint 2.4b for all phases 




























  k = 1,,π (k ≠ r). 2.14 
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   k = 1,,π  2.16 
which must be satisfied for all phases (present or not) at a solution. 
 
2.4 Solving for Thermodynamic Equilibrium 
Traditionally, there are a total of (1+C)·π−1 unknowns in solving for 
thermodynamic equilibrium for a closed system of C components and π possible phases 
at a given temperature and pressure.  The above development, while introducing an extra 
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The number of unknowns to solve for using the above approach is certainly of the same 
order of magnitude and so does not require much more computation.  In fact, the 




having to know a priori the phases present at thermodynamic equilibrium far outweighs 
the fact that this procedure requires a little more computational effort. 
The solution procedure is split into two parts:  1. minimizing Gibbs energy by 
updating phase amounts and stability variables at a given set of K-values and 2. updating 
K-values at a given set of phase amounts and stability variables.  This approach is typical 
in phase equilibria problems such as this. 
2.4.1 Minimizing Gibbs Energy at a Given Set of K-values 
The Newton procedure is used to minimize the Gibbs energy of the system at a 
given set of K-values (via Equations 2.10 and 2.16).  This approach is convergent as long 
as the fugacity coefficients are not strong functions of composition.  This is certainly the 
case for the fluid phases such as vapor and liquid hydrocarbon but is not necessarily true 
for the aqueous and hydrate phases.  With proper care, which will be discussed later, this 
approach is convergent for all systems. 
To use the Newton procedure, the derivatives of Equations 2.10 and 2.16 are 
needed with respect to each unknown variable.  The derivatives of Equation 2.10 are 
apparent and therefore only the derivatives of Equation 2.16 with respect to each 
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It is often desired to solve for the temperature or pressure in which a given phase forms.  
For this type of calculation, the following derivative of Equation 2.16 with respect to 










































 k = 1,,π (k ≠ r) 2.19 
where y represents T or P.  Note that the derivative of the K-value with respect to T or P 
is needed.  It is assumed, for this derivative, that the K-values are constant in composition 
and change only with temperature and pressure.  Due to the complexity of the equations 
of state used, a numerical centered derivative is used in this work.  That is, 
 
( ) ( )
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  i = 1,,C k = 1,,π (k ≠ r) 2.20 
where ε = 1E-4 and ε = 1E-7·P are used for the temperature and pressure derivatives, 
respectively. 
The Newton method gives a correction to the phase amounts and stability 
variables based on the gradient of the Gibbs energy at the given set of K-values.  Due to 
the highly non-ideal behavior of the hydrate phases, all corrections are scaled such that 
no phase amount or stability variable is changed more than 25% of its original value.  
That is, the entire correction vector is scaled so as to keep the proper direction of 
convergence. 
2.4.2 Updating K-values and Composition at a Given Gibbs Energy 
As discussed above, the Gibbs energy is minimized at a given set of K-values and 
then the K-values and composition are updated.  Equation 2.13 is used to update the 




calculated to get the new set of K-values.  As is the case for minimizing the Gibbs 
energy, this approach is convergent as long as the fugacity coefficients are not strong 
functions of composition.  Successive substitution of the composition gives linear 
convergence whereas Newtons method gives quadratic convergence. 
Due to the highly non-ideal behavior of the hydrate phases, Equation 2.13 is not 
used to update the composition.  The hydrate equation of state gives an explicit formula 
for calculating the successive composition.  This formula is given in Chapter 3.  
However, the compositions of all non-hydrate phases are determined via Equation 2.13.  
All composition corrections of a given phase are scaled such that no composition in that 
phase is changed by more than 50% of its original value. 
2.4.3 General Algorithm 
The solution procedures discussed in Sections 2.4.1 and 2.4.2 are implemented 







update αk and θk
update xik and Kik
Ek = 0 ?












As can be seen in Figure 2.1, thermodynamic equilibrium is achieved when the Gibbs 
energy is at a minimum (Ek = 0) and the difference in the updated mole fractions and 
previous mole fractions (∆xik) for each phase is zero.  On a computer, it is difficult for a 
variable to become exactly zero.  Therefore, in this work, convergence is met when Ek 
and ∆xik are less than 1E-6.  Appendix B gives a more detailed discussion of the Newton 
scheme for several types of calculations.  One of the crucial steps in obtaining a solution 
is creating a good initial estimate for the unknown variables.  The next section will 
discuss initialization of the algorithm. 
 
2.5 Initializing the Algorithm 
Methods for determining the initial guess of the algorithm have been proposed 
(Michelsen 1982a).  However, these methods are almost solely for fluid phase systems.  
They also require thermodynamic calculations of the fugacity to be performed for each 
component in its pure state.  These methods are not viable for use with the 7 solid phases 
included in this work.  Therefore, we use a different approach for determining an initial 
estimate of the solution. 
The key to obtaining a general routine for estimation of the solution is in 
developing composition independent K-values, sometimes referred to as ideal K-values.  
With a set of ideal K-values, an initial estimate of all unknown variables can be obtained 







update αk and θk







Figure 2.2 Algorithm to obtain initial estimates of unknown variables using ideal 
K-values 
 
The same equations used to update the phase amounts and stability variables in the 
algorithm shown in Figure 2.1 are used in this algorithm.  This algorithm is started 
assuming all phases are present with an equal amount of each, and therefore the stability 
variables are all zero.  Convergence to the initial estimate of all unknowns is fairly rapid 
since the entire process utilizes the Newton method. 
Several authors have determined ideal K-values for component distribution 
between V-Lhc (DePriester 1953, Hadden and Grayson 1961) and V-Hydrate (Wilcox et 
al. 1941) phases.  However, in this work, we need to have a composition independent set 
of K-values to determine the component distribution between all possible phases: vapor, 
liquid hydrocarbon, aqueous, sI hydrate, sII hydrate, sH hydrate, ice, solid NaCl, solid 
KCl, and solid CaCl2.  In this work, two forms of the ideal K-values have been derived 
and are found in Appendix A.  Depending on the type of calculation to perform, one of 




2.6 Special Types of Calculations 
A not uncommon type of problem is to determine the outlet conditions when 
expanding a gas or liquid through a valve or turboexpander.  This type of calculation can 
be performed using the above algorithm with a slight modification.  What follows is a 
brief discussion of each type of calculation and the modifications required to perform 
them. 
2.6.1 Valve Expansions 
Expansion through a valve is often referred to as a Joule-Thomson expansion.  It 
is often the case that a gas is expanded so rapidly through a valve that the change in 
enthalpy of the gas is negligible and assumed to be zero (∆h = 0).  The inlet pressure (P1) 
and temperature (T1) as well as the outlet pressure (P2) are usually known and the 
problem lies in calculating the outlet temperature (T2).  An illustration of this process can 
be seen in Figure 2.3, where T2 is the temperature to be calculated. 
 
feed gas
P1 T1 P2 T2  
Figure 2.3 Schematic of expansion through a valve (T2 is the unknown) 
 
To determine the outlet temperature (T2), the enthalpy at the inlet conditions (h1) is first 
determined.  This can be done by performing a flash at the inlet pressure and temperature 









= ∑          2.21 
where hk is the enthalpy of phase k.  To determine the outlet temperature, a flash is 
performed at the outlet pressure with the constraint that the enthalpy must be equal to h1.  
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and inserting it into the solution matrix.  Note the derivatives needed to perform this 


























.         2.25 
A valve expansion can be performed with any number of phases in the calculation as long 
as the enthalpy of each phase can be determined.  In this work, we use a centered 
derivative to calculate the derivative with respect to temperature in Equation 2.23. 
2.6.2 Turboexpansions 
The procedure for an expansion through a turboexpander is similar to that of a 
valve.  In this work, it is assumed that the turboexpander is ideal.  In the case of an ideal 
expander, the change in entropy of the expanded gas is negligible and assumed to be 
zero.  As with the valve expansion, the inlet pressure (P1) and temperature (T1) as well as 
the outlet pressure (P2) are usually known and the problem lies in calculating the outlet 
temperature (T2).  An illustration of this process can be seen in Figure 2.4 where T2 is the 






P1 T1 P2 T2
W
η = 100%  
Figure 2.4 Schematic of expansion through a turboexpander (T2 is the unknown) 
 
To determine the outlet temperature (T2), the entropy at the inlet conditions (s1) is first 
determined.  This can be done by performing a flash at the inlet pressure and temperature 
and calculating the molar entropy of the system.  Equations 2.22 through 2.25 can be 
used for this calculation by substituting the enthalpy with entropy.  Implementation of the 





CHAPTER 3 -  FUGACITY MODELS 
 
As discussed in Chapter 2, the fugacity coefficient of each component in each 
phase must be known to determine the K-values for the next iteration.  With several 
possible phases included in the calculations, it is necessary to tabulate the possible phases 
as well as the fugacity models for each in order to keep things clear.  Table 3.1 lists the 
possible phases included in this work as well as the fugacity models. 
 
Table 3.1 Fugacity models for possible phases in this work 
Phase Fugacity Model 
aqueous Shock and Helgeson equation with Bromley activity model 
vapor and liquid hydrocarbon SRK equation of state 
ice solid freeze-out model 
solid salts (NaCl, KCl, CaCl2) solid freeze-out model 
hydrate (sI, sII, sH) modified van der Waals and Platteeuw model 
 
Each fugacity model was chosen based on its ability to describe typical natural gas 
pipeline systems, which are of most importance to industry. 
 Fugacity models typically come in two forms: explicit and implicit.  The explicit 
fugacity model gives a direct expression for the fugacity of a component while the 
implicit fugacity model gives an expression for the chemical potential of a component, 
which must then be manipulated to obtain the fugacity. 
The derivation of fugacity from chemical potential is simple and can be found in 
any introductory thermodynamic text.  It revolves around finding a suitable reference on 
which to base the chemical potential.  The fugacity model for each phase must have the 
same reference.  Since explicit fugacity models almost always use the ideal gas state of 




reference is used for implicit fugacity models.  The fugacity of any component in the 
desired phase, k, can be expressed as: 
exp ik ioik io
gf f
RT
µ − =   
       3.1 
where the subscript o refers to the property of component i in the ideal gas state.  fio is the 
ideal gas fugacity of component i at 1 bar is simply equal to 1 bar.  The Gibbs energy of 
component i in the ideal gas state, gio, is calculated using ideal gas properties using the 
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where 
0i o
g  is the molar Gibbs energy of formation at T0 and P0 and hi0 is the enthalpy at 
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where 
0i o
h  is the molar enthalpy of formation at T0 and P0 and iPc  is the heat capacity, 
which is of the form 
 2 30 1 2 3iPc a a T a T a T= + + + .       3.4 
The ideal gas Gibbs energy of formation, enthalpy of formation, and terms in the heat 
capacity of each component used in this work were taken from several thermodynamic 
texts and converted to the form shown in Equation 3.4.  Appendix E lists all constants for 
the ideal gas properties. 
It is important to note that choosing a given set of fugacity models is arbitrary.  
That is, the fugacity models should be chosen based on individual need.  For example, if 
one desires to only have methane and water in the system, a fairly simple cubic equation 
of state and aqueous phase model can be used.  A more detailed description of each 




3.1   Aqueous Phase 
It is common to have a salt-water aqueous phase in a sub-sea natural gas pipeline.  
Therefore, the aqueous phase fugacity model must be able to treat the interaction between 
salts and water correctly.  It is also common procedure to inject an alcohol into the 
pipeline to prevent hydrate formation.  Therefore, the aqueous phase fugacity model must 
also be able to treat the interactions between methanol and water and methanol and salts 
correctly. 
The Shock and Helgeson Equation (1988) with a coupled Bromley activity model 
(1973) was chosen to describe the fugacity of components in the aqueous phase because 
of its treatment of salts and alcohols.  This model is an implicit fugacity model in that it 
gives the chemical potential of each species in the aqueous phase.  What follows is a brief 
outline of the model.  A more detailed description can be found in the thesis of Jager 
(2001, pp. 51-63).  The aqueous phase model accounts for two types of species in the 
aqueous phase: solutes and water.  The equations for each are different and need to be 
addressed separately. 
3.1.1 Chemical Potential of Solutes 
 The chemical potential of all components (solutes) except water in the aqueous 











g h vdT dP a
RT RT RT RT
µ
= − + +∫ ∫   i ≠ water  3.5 
where the subscripts * and 0 refer to component i in a hypothetical 1 molal solution and 
the standard temperature and pressure, respectively.  
0*i
g , *ih , and *iv  are the partial 
molar Gibbs energy of formation, enthalpy, and volume of component i in the 1 molal 
solution.  The partial molar enthalpy is represented in a similar form as Equation 3.3.  
Shock and Helgeson developed expressions for the partial molar heat capacity and 
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  3.6 
and 
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ε
∂   = + + + −   Ψ + Ψ + − Θ ∂   
    3.7 
where Θ = 228 K, Ψ = 2600 bar, ε is the dielectric constant of water, ω is the Born 
coefficient, aiAq is the activity of component i in the aqueous phase, and X in Equation 3.6 









  ∂ ∂ = −    ∂ ∂    
.      3.8 
It should be noted that, in this work, the pressure dependent terms in the partial molar 
heat capacity are not needed since it is evaluated at P0 (i.e. c3 and c4 are not needed).  The 
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= + +∑ .       3.9 
With this simple expression for the dielectric constant of water, X in Equation 3.8 can 
easily be determined. 
3.1.2 Chemical Potential of Water 
Water is treated as the primary component in the aqueous phase and therefore, 
deviations of the chemical potential are derived from the pure water state.  The 












RT RT RT RT
µ
= − + +∫ ∫     3.10 
where the subscript Lpure refers to the pure liquid water phase.  Since the standard state 
for water is pure liquid water, the aqueous phase fugacity model is limited to a water-rich 




water is follows the same framework as Equations 3.3 and 3.4.  Jager regressed the 
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=
= + + +∑ .     3.11 
With the chemical potential defined for the solutes and water, as a function of 
temperature and pressure, the activities are then determined to give the compositional 
dependence. 
3.1.3 Activity of Solutes 
The Bromley activity model (1973) is used to represent the activity of all species 
in the aqueous phase.  It should be noted that both Equation 3.5 and the Bromley activity 
model treat salts as separate ionic species.  That is, NaCl is treated as two separate 
components in the aqueous phase: Na+ and Cl-.  Therefore, the fugacity of each ionic 
species in the aqueous phase is calculated via Equation 3.5.  However, the fugacity of the 
salt in the aqueous phase is determined via 
 ( ) ( )a bsalt anion cationf f f=        3.12 
where a is the number of anions in the salt and b is the number of cations in the salt. 
In this section we discriminate between ions (i), molecular species (m), and water 
(w).  What follows are the equations needed to determine the activity of all species in the 
aqueous phase (except water).  For each species type, expressions for the activity 








γ=     j = i and m   3.13 
where mj is the molality of species j (moles of species i per kg water), mj* is the molality 
at the standard state (1 molal), and γjAq is the activity coefficient of species j in the 





Activity coefficients for ionic species in aqueous phase 
The activity coefficient for ions incorporates short- and long-range interactions 














jAq j LR k SR
k i
j
k P k n P















 j = i  3.14 
where zj is the charge of ion j and I is the ionic strength of the solution, expressed as 
21
2 k kk i
I z m
=
= ∑ .        3.15 
The long-range interactions (first term on right-hand side of Equation 3.14) are accounted 
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       3.17 
where 
e =  electronic charge (1.60218E-19 C), 
ε0 =  permittivity of a vacuum (8.85419E-12 C
2/N-m2), 
ε =  dielectric constant (Equation 3.9), 
NA =  Avagadros number (6.0222045E23 molecules/mole), and 
ρs =  density of the solvent (i.e. water). 
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 j,k = i  3.18 
where Bij, Cij, and Dij are interactions parameters representing short-range interactions 
between ion pairs.  Note that Bij, Cij, and Dij are quadratic in temperature and that they are 
zero for all ion pairs with the same charge (i.e. zizj > 0). 
 Interactions between ions and molecular species (third and fourth terms on RHS 
of Equation 3.14) are expressed using Pitzer-type relations as: 
 ( )1 21 0 1 1 22jk
jk I
P jk I eI
β
γ β − = + − +    j = m   3.19 
and 
 ( ) 22 1 1 1 2 2jk IP jk I I eγ β − = − + +     j = m.   3.20 
The ion-molecular species interaction parameters, β0jk and β1jk, are linear functions of 
temperature and pressure. 
 
Activity coefficient of molecular species in aqueous phase 
The activity coefficient for molecular species is expressed using the Pitzer-type 








= ∑      j = m.   3.21 
Equations 3.14 through 3.21 represent the activity coefficients of all species in the water 
phase, which can be converted to activity using Equation 3.13. 
3.1.4 Activity of Water 
 The activity of water is expressed by explicitly accounting for contributions from 
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 3.22 
where Mw is the molecular weight of water.  The summations in the first term of Equation 
3.22 are for cations (c) and anions (a). The total ionic contribution to the water activity, 
γIca, is expressed as 
2






= − + +   
      3.23 
where γDH accounts for long-range ionic interactions, 
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. 3.25 
Note that all long-range contributions, expressed by Debye-Hückel terms, lump all 
contributions into one using the ionic strength.  Therefore, all Debye-Hückel terms are 
for the ionic solution and not for individual ionic interactions. 
 
3.2  Vapor and Liquid Hydrocarbon Phases 
The temperatures in a typical natural gas pipeline range from 277 K to up to 305 
K while the pressure can range from 1 bar to 1000 bar in deep ocean pipelines.  Due to 




hydrocarbon fugacity model parameters are typically regressed for large temperature 
ranges near ambient pressure.  For this reason, a cubic equation of state that could that 
model well at high pressure was needed.  The Soave modification (1972) of the Redlich-
Kwong (1949) cubic equation of state (SRK EoS) was chosen to represent the all 
hydrocarbon phase properties in this work. 
The SRK EoS is expressed explicitly in pressure as 
( )
RT aP
v b v v b
= −
− +
        3.26 
where, 
v =  molar volume, 
T =  absolute temperature, 
P =  absolute pressure, 
R =  universal gas constant, 
a =  energy constant, and 
b =  volume constant. 
 





a x x a
= =
= ∑∑         3.27 
where xi is the mole fraction of component i in the vapor or liquid hydrocarbon.  aij, 
which represents attractive forces between components i and j, is expressed as 
( )1ij ij i i j ja k a aα α= −        3.28 
where kij is the interaction parameter between components i and j and ai, representing the 











= .        3.29 
The αi term in Equation 3.28 is a corrective term for the vapor pressure of pure 



















 = + − +
 
 
     3.30 
where 1iS  is expressed in terms of the acentric factor as (Graboski and Daubert 1978) 
2
1 0.48508 1.55171 0.15613i i iS ω ω= + −      3.31 
and 2iS  is a constant.  It should be noted that, for highly polar molecules, 1iS  is a 
regressed constant instead of correlated using Equation 3.31.  The volume constant, b, in 
Equation 3.26 represents the average hard core volume of the mixture and is expressed 







= ∑          3.32 









= .        3.33 
All critical properties, acentric factors, molecular weights, and interaction parameters for 
hydrocarbons are listed in the API Data Book (1997).  A thorough check was performed 
to determine the accuracy of the SRK EoS for pure, binary, and multi-component 
hydrocarbon systems to ensure its applicability in this work.  It should be noted that the 
SRK EoS was developed for distillation processes in which water is not present.  
Therefore, the water-hydrocarbon interaction parameters were still needed.  In this work, 
we have regressed all water-hydrocarbon interaction parameters to water content data.  
The results of the check and regressions are given in Chapter 5.   
Development of the fugacity of any component in the vapor and liquid 
hydrocarbon phases using a cubic equation of state is explicit in fugacity, which can be 
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where the partial molar volume of component i is found from the model.  Determining 
the partial molar volume and integrating from 0 to P in Equation 3.34, the expression for 
fugacity is 
 ( ) ( ) 1
2
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Note that the SRK EoS is implicitly referenced to the ideal gas state. 
 
3.3   Ice and Solid Salt Phases 
The fugacity of the components in the solid phases is determined via an implicit 
approach through classical thermodynamic treatment: 
exp iS ioiS io
g gf f
RT
− =   
       3.36 
where the subscript o refers to the property of component i in the ideal gas state.  Note 
that, since there is only one component in the pure solid phase, all other components are 
assumed to have an infinite fugacity in the pure phase.  The Gibbs energy of component i 
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where 
0i S
g  is the molar Gibbs energy of formation at T0 and P0.  The enthalpy of all pure 
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h  is the molar enthalpy of formation at T0 and P0 and iPc  is the pure solid heat 
capacity, which is of the same form as Equation 3.4.  The volume of all pure phases is of 
the form 
( ) ( ) ( ) ( ) ( )2 30 1 0 2 0 3 0 0, expv T P v T T T T T T P Pα α α κ = − + − + − − −   3.39 
where v0 is the volume at T0 and P0, αi are thermal expansion parameters, and κ is the 
compressibility parameter.  The Gibbs energy of formation, enthalpy of formation, heat 
capacity, and volume parameters for each pure phase are given in Appendix E.   
 
3.4   Hydrate Phases 
In 1959, van der Waals and Platteeuw (1959) used statistical thermodynamics to 
derive several thermodynamic properties of hydrates, most importantly the chemical 
potential.  Their approach paralleled the work of Langmuir for adsorption.  That is, van 
der Waals and Platteeuw statistically treated hydrate cages as adsorption sites in which 
species become adsorbed or encaged.  This section provides a brief outline of the 
statistical model derived by van der Waals and Platteeuw.  This is the hydrate fugacity 
model that has been used for the last 40 years.  Chapter 4 will discuss the derivation and 
modifications made to the van der Waals and Platteeuw model for this work. 
The chemical potential of water in the hydrate is given by the following equation 




βµ υ θ = + − 
 
∑ ∑       3.40 
where, gwβ is the Gibbs energy of water in the standard (empty) hydrate lattice at a given 
volume and the system temperature and pressure, υm is the number of cages of type m 
divided by the number of water molecules in the hydrate lattice, and θim is the fractional 
occupancy of guest i in hydrate cage m.  Notice that the fractional occupancy of a given 
hydrate cage will always sum to a value less than one.  Therefore, the natural log of the 




summation term in Equation 3.40 lowers the total energy of the hydrate as a result of the 
insertion of the guest molecules into the empty hydrate lattice.  The fractional occupancy 











        3.41 
where fiH is the fugacity of component i in the hydrate.  Note that, at equilibrium, the 
fugacity of component i is equal in all phases, allowing substitution of fiH with the 
fugacity of i in any other equilibrium phase.  Cim is the Langmuir constant describing the 
potential interaction between encaged guest molecule i and the water molecules in 
hydrate cage m surrounding it.  It is evaluated by assuming a spherically symmetrical 





m i imR a r
kT
imC e r rkT
ωπ − −= ∫        3.42 
where Rm is the radius of cage m and ωim(r) is the potential function.  The Kihara 
spherical core potential is typically used to calculate the Langmuir constants.  McKoy 
and Sinanoğlu (1963) summed all the guest-water binary interactions to yield an overall 
cell potential ωim(r) given by 
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,                        3.43b 
zm is the coordination number (number of water molecules comprising cavity m), and ai, 
εi, and σi are the hard-core radius, potential well depth, and soft-core radius of guest i in 
hydrate cage m, respectively.  The potential well depth and soft-core radius are the 




computer implementation of Equations 3.42 and 3.43 due to singularities at the limits 
(Pratt et al. 2001).   
 As described in the previous chapter, the fugacity of each component in each 
phase is needed to perform thermodynamic equilibrium calculations.  Therefore, we still 
need to determine the fugacity of each component in the hydrate.  The standard approach 
to this was to relate the chemical potential of water in the hydrate to that in the aqueous 
or ice phase (Parrish and Prausnitz 1972).  This was done by considering the energy 
change associated with forming a hydrate and an aqueous or ice phase, both from the 
empty hydrate lattice.  That is, 
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βµ µ ∆∆ ∆ ∆= − = − + +∫ ∫  3.45 
where gw, hw, and vw are the molar Gibbs energy, enthalpy, and volume of pure liquid 
water or ice, respectively, and the ∆ term refers to the difference of that property between 
the pure liquid water or ice and empty hydrate phases.  Note that Equation 3.45, 
developed by Saito et al. (1964), and simplified by Holder et al. (1980) and Menten et al. 
(1981), utilizes the classical expression for the chemical potential of water in the aqueous 
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ββ β β= − +∫ ∫        3.47 
are used to describe the energy change in Equation 3.45.  This approach takes advantage 




Using this as a basis, it can easily be shown that Equation 3.44 is equal to Equation 3.45 
at equilibrium and that the fugacity of water in the hydrate is 
 // exp
wH wAq Ice
wH wAq Icef f RT
µ µ∆ − ∆ 
=  
 
.      3.48 
Since the fugacity of water in the aqueous or ice phase must be known in Equation 3.48, 
an aqueous or ice phase must be present to correctly calculate the fugacity of water in the 
hydrate.  This is a major drawback of this approach in that an aqueous or ice phase is not 
present in all hydrate scenarios.  Chapter 4 will discuss a new derivation of the fugacity 
of water in the hydrate based on Equation 3.1 that eliminates this constraint. 
 The fugacity of hydrate guests is assumed to be equal to that in the reference 
phase during the Gibbs energy minimization procedure, which will be true at equilibrium.  
This approach causes the stability of hydrates to be solely a function of the energy or 
fugacity of water in the hydrate.  For components that are not present in the hydrate, the 
fugacity is assumed to be infinite. 
 As discussed in the previous chapter, Equation 2.13 is not used to update the 
composition of hydrates in the Gibbs energy minimization procedure.  Depending on the 
type of hydrate that forms (sI, sII, sH), the composition of water is constrained due to the 
finite number of cages.  The lower limit on the composition of water in the hydrates, 
assuming that all cages are filled, is 0.852, 0.850, and 0.850 for sI, sII, and sH hydrates, 
respectively.  The upper limit is not as defined, as it depends on the temperature and 
pressure of the system as well as the hydrate guests.  However, the composition of water 
in the hydrate must be less than 1.0 because, if it were equal to 1.0, the phase would not 
be a hydrate, rather some new type of ice phase. 
 The expression for the composition of species in the hydrate follows from a 




















where the numerator sums up the total amount of species i in each hydrate cage, Nm, and 
the denominator is the total number of species in each hydrate cage plus Nw, the number 
of water molecules in the hydrate (i.e. everything in the hydrate).  Dividing Equation 3.49 
by Nw results in the following equation used to determine the successively substituted 















         3.50 
where υm is the number of hydrate cages of type m per water molecule in the hydrate.  






CHAPTER 4 -  HYDRATE MODEL 
 
As discussed in Chapter 1, empirical methods to determine the formation 
temperatures and pressures of hydrates were developed prior to the development of the 
statistical model, however, these methods were limited in that extrapolation was not 
possible to systems for which experimental data was not available.  In order to model the 
thermodynamics of hydrates, the basic crystal structures needed to be determined.  Von 
Stackelbergs laboratory did much single crystal X-ray diffraction work in the early 
1950s to obtain the crystal structure of hydrates.  In this work, which spanned World 
War II, his laboratory found that two types of hydrates predominated when a natural gas 
was in equilibrium with water: sI and sII.  The positions of the water molecules in the 
hydrate lattices were determined experimentally, therefore allowing the first theoretical 
thermodynamic model to be developed.  Mehta (1996) extended the thermodynamic 
model for the prediction of sH hydrates based on the crystal measurements of Ripmeester 
et al. (1987). 
In 1959, van der Waals and Platteeuw (1959) used statistical thermodynamics to 
derive several thermodynamic properties of hydrates, most importantly the chemical 
potential.  Their approach paralleled the work of Langmuir for adsorption.  That is, van 
der Waals and Platteeuw statistically treated hydrate cages as adsorption sites in which 
species become adsorbed or encaged.  Section 4.1 provides a brief outline of the 
statistical derivation by van der Waals and Platteeuw.  Subsequent sections discuss 





4.1 Statistical Derivation of Hydrate Model 
Langmuir adsorption can be used as a basis for the statistical thermodynamic 
model of hydrates.  In fact, the model for hydrates is the general form of Langmuir 
adsorption with multiple adsorption sites and multiple types of adsorbed particles, as 
shown in Figure 4.1. 
Y X X X X Y X
X X Y X X Y X
Y X X X X Y X
 
Figure 4.1 Visual of multi-site, multi-component adsorption 
 
Note that Figure 4.1 is only given to see the analogous system (Langmuir adsorption) and 
setup.  The squares and circles represent different species (guests), the Xs and Ys 
represent different adsorption sites (cages), and the shaded parallelogram represents the 
substrate (water in the empty hydrate lattice).  Langmuir has statistically derived the 
thermodynamic properties of the species as well as for the substrate for a system such as 
this.  Therefore, the derivation of the statistical thermodynamic model for hydrates 
parallels the work of Langmuir. 
Figure 1.2 is the actual picture of hydrates that we should have when deriving 
the model.  Let's first make the following assumptions for a hydrate with a total of Nw 
water molecules at a given T and V: 
 
1. the encaged molecules are localized in the cavities and a cavity can never hold 
more than one guest, 
2. the contribution of the water molecules to the free energy is independent of 




3. the partition function for the motion of a guest in its cage is independent of the 
number and types of guests present, and 
4. classical statistics are valid. 
 
These assumptions are analogous to those for Langmuir adsorption.  However, for 
hydrates, we can have multiple guests and multiple adsorption sites (cages).  For hydrates 
the canonical partition function, Q, for Nim, the number of guests of type i in cages of type 
m, is 





Q N e W N q
β−
 =  ∏∏       4.1 
where Fβ is the free energy of the empty hydrate lattice, qim is the individual molecular 
partition function for a guest of type i in a cavity of type m, and k is the Boltzmann 
constant.  Note that Equation 4.1 accounts for multiple cages or sites (i.e. product over m) 
and multiple types of guests (i.e. product over i).  
The degeneracy, W(Nim), is the combinatorial formula for the number of ways to 
distribute Nim particles into Nm total, distinguishable cavities of type m, ( )m imN N" .  To 
simplify the notation and put Nm in terms of the total water molecules in the hydrate 
lattice, Nw, van der Waals and Platteeuw introduce the variable, υm, which is the number 
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Therefore, the degeneracy for a given hydrate cavity can be expressed as 
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The summation in the denominator accounts for only the available cages.  That is, it 
accounts for other particles to be in the cages as well.  Substitution of Equation 4.2 into 
4.1 gives 
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or, distributing the product over i, 
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Equation 4.7, the expression for the grand canonical partition function, can be used to 
obtain the thermodynamic properties of the hydrate.  We must first note that, since we 




canonical partition function for the guests in the hydrate lattice but is the canonical 
partition function for water in the hydrate lattice.  That is, 
 ( ) 1
m wNF
kT
water w im i guests
im
Q N e q
β υ
λ
−  = + = Ξ  
∑∏     4.8 
and 
 ( ) w
w
N
water water w w
N
Q N λΞ = ∑ .       4.9 
However, we are only concerned with the grand canonical partition function for the 
guests (Equation 4.7).  Let's now derive thermodynamic properties from the partition 
function. 
Since Equation 4.7 is the canonical partition function for water in the hydrate, we 
know that the expectation value (from the canonical partition function) for the chemical 
potential of water in the hydrate, µw, is simply 
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.   4.10 
Taking this derivative, we get 
 ln 1wH w m im i
m i
g kT qβµ υ λ
 = − + 
 
∑ ∑ .     4.11 
Equation 4.11 is the widely known expression for the chemical potential of water in the 
hydrate lattice given by van der Waals and Platteeuw (1959). 
Let us now derive the fractional occupancy of the guests in a given hydrate cage.  
Note that since we consider the guests, we need expectation values for the grand 
canonical partition function (Equation 4.7).  The expectation value for Nj (j = 1,,i), the 
number of j particles in the hydrate, is 
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       4.13 
which is the number of particles of type j in the hydrate.  Since this number is just the 
sum of particles of type j in each type of hydrate cage, m, the following must be true: 
 j jm
m
N N= ∑ .         4.14 
It follows from Equations 4.13 and 4.14 that the number of particles of type j in hydrate 
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where θjm is the probability of finding a guest of type j in a cavity of type m.  Equation 
4.11 can be rearranged to give the chemical potential of water in the hydrate as a function 
of the fractional occupancy of each guest in each cage, 
ln 1wH w m im
m i
g kTβµ υ θ
 = + − 
 
∑ ∑ .      4.17 
This equation is the governing equation in performing hydrate equilibrium calculations. 
The expression for fractional occupancy (Equation 4.16) cannot be easily used in 















=      4.18 
where fi is the fugacity of component i and the subscript o indicates a standard state.  In 
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where, Φi(T) is the molecular partition function of ideal gas i.  Substitution of Equation 
4.19 into Equation 4.18, and recalling that the fugacity of an ideal gas is just its partial 
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.        4.21 
This is the expression for the absolute activity of guest i in the hydrate.  Substituting 
Equation 4.21 into the expression for fractional occupancy of guest i in cavity m 
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where, 









.        4.24 
Note that Equation 4.23 looks quite similar to a Langmuir expression for adsorption (as it 
should).  Because of this similarity, we call the variable Cim the Langmuir constant, 
which is a function of temperature and volume.  Note that the Langmuir constants still 




In order to obtain an expression for the Langmuir constants we need a molecular 
partition function for molecule i in cavity m as well as an expression for the molecular 
partition function of molecule i in the ideal gas state.  By the assumption that 
 
5. guest molecules can rotate freely in their cavities (i.e. the rotational partition 
function for the motion of the guest in the cavity is the same as that in the 
ideal gas), 
 
we can determine an expression for qim.  The form of the individual molecular partition 
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where Φi(T) is the same as that defined in Equation 4.19, ωim(r) is a function describing 
the potential field within the cavity, and Rm is the radius of cavity m.  To simplify 
Equation 4.25, we make another assumption that 
 
6. the potential energy of a solute molecule when at a distance r from the center 
of its cavity is given by the spherically symmetrical potential ωim(r) proposed 
by Lennard-Jones and Devonshire (1937). 
 
Assumption 6 allows the molecular partition function to be expressed in terms of radius 
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which was given in Chapter 3.  Discussion of the potential model used is also given in 
Chapter 3. 
  
4.2 Improvements to the of van der Waals and Platteeuw Model: Hydrates as the 
Non-Ideal Solid Solution 
As the demand for oil and natural gas becomes greater, there is a need to go to 
deeper depths of water to obtain them.  Therefore, the pressure and temperature ranges of 
thermodynamic models that are the basis of flow assurance strategy need to be extended. 
The current hydrate fugacity model described in Chapter 3 applies statistical 
thermodynamics and classical thermodynamics.  Predictions from this model are 
relatively good at moderate pressures and temperatures.  However, at high pressures 
(P>200 bar) and for natural gas hydrates the model predictions deviate from experimental 
data.  This suggests that the hydrate standard state (empty lattice) properties are not well 
defined.  As discussed in the previous chapter, hydrate predictions must be made with an 
aqueous phase present.  In this work, we propose two modifications to the existing theory 
for hydrate fugacity: 1) an activity coefficient based on exact knowledge of the hydrate 
volume and 2) the first description of the hydrate standard state itself. 
4.2.1 Activity Coefficient for Water in the Hydrate 
In the development of the statistical thermodynamic hydrate model (Equation 
4.17), the free energy of water in the standard hydrate (empty hydrate lattice), gwβ, is 
assumed to be known at a given T and v.  Since the model was developed at constant 
volume, the assumption requires that the volume of the empty hydrate lattice, vβ, be equal 
to the volume of the equilibrium hydrate, vH, so that the only energy change is due to 
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Figure 4.2 Current model not allowing for distortion of hydrate due to guests 
(vβ = vH) 
 
Traditionally, the chemical potential of the standard hydrate is assumed to be at a 
given volume, independent of the hydrate guests.  However, X-ray diffraction (XRD) 
measurements of several different hydrates show that the volume of the equilibrium 
hydrate is dependent on the hydrate guest(s) (von Stackelberg 1949, 1954, von 
Stackelberg and Müller 1954, von Stackelberg and Meinhold 1954, von Stackelberg and 
Frühbuss 1954, von Stackelberg and Jahns 1954, Huo 2002).  That is, different size and 
composition of hydrate guest(s) correspond to different volumes of the hydrate.  Figure 























Ethylene Oxide (Tse, 1987)
Ethane (Huo, 2002)
Carbon Dioxide (Huo, 2002)
P = 1 bar
  
Figure 4.3 sI cubic lattice parameter versus temperature showing different sizes 
(volumes) of sI hydrates 
 
If the standard hydrate volume is not the volume of the equilibrium hydrate, there should 
be an energy change proportional to the difference in volume (∆vH = vH-vβ ).  Note that, 
in the development of Equation 4.17, ∆vH is assumed to be equal to zero (i.e. all hydrates 
of a given structure are at the same volume).  However, we can account for the distortion 
via an activity coefficient. 
Equation 4.17 is considered to be an ideal solid solution model.  That is, upon 








 − = −  
∑∏       4.27 
which is quite similar to the well known thermodynamic expression 




where gi** is the Gibbs energy of species i in its pure state.  With Equations 4.27 and 4.28 







θ = −  
∑∏        4.29 
which is simply a function of the composition of water in the hydrate.  Expanding the 
product term in Equation 4.29 leads to 
1 1
S L




θ θ   = − − =      
∑ ∑      4.30 
where we can see that the activity of water in the hydrate can be expressed in terms of its 
activity in each of the cavities.  Upon further inspection of Equation 4.30, we can see that 
the activity of water in a given hydrate cavity is an effective composition of water in that 
cavity.  That is, Equation 4.30 gives the decrease in energy of water in the hydrate due to 
the inclusion of the guest(s) in the hydrate cavities.  Note that, in the derivation of 
Equation 4.17, it was assumed that there were no energy changes due to other effects (i.e. 
the water and guest(s) in the hydrate act as an ideal solution). 
In traditional thermodynamics, the activity of a component in a phase is defined 
as the ratio of the fugacity of that component in the phase to the fugacity of that 
component in its pure state.  Hence, the idea of an empty hydrate lattice.  Note, however, 
that the Gibbs energy of the component in its pure state is usually known quite well.  That 
is, the activity is simply a perturbation in the fugacity of the component from its pure 
state.  For fluid phases, the following expression for the activity of a component is 
familiar 
 if if ifa x γ=          4.31 
where xif is the composition and γif is the activity coefficient of component i in the fluid 
phase.  Note that the activity coefficient accounts for non-idealities between component i 





Using the statistical thermodynamic model for effective composition and 
introducing an activity coefficient, which accounts for non-ideal interactions, we can 
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θ γ = −  
∑∏        4.33 
where γwm is the activity coefficient of water in cavity m, accounting for perturbations of 
cavity m from the standard hydrate lattice.  Since non-idealities will most likely not be 
known for each hydrate cavity, we assume that they can be gathered into a structural 
activity coefficient which accounts for non-ideality from the standard hydrate.  Therefore, 







γ θ = −  
∑∏        4.34 
where, γwH is the effective activity coefficient.  Substitution of Equation 4.34 into 
Equation 4.17 gives 
 ln 1 lnwH w m im wH
m i
g RT RTβµ υ θ γ
 = + − + 
 
∑ ∑ .    4.35 
Note that Equation 4.35 can be visualized in a similar manner as in Figure 4.2.  Figure 
4.4 illustrates the processes needed to determine the chemical potential of water in the 
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Figure 4.4 Corrected model allowing for distortion of hydrate due to guests 
(vβ ≠ vH) 
 
Process (1) in Figure 4.4 is done at constant volume and therefore, the van der Waals and 
Platteeuw statistical model can be used.  Process (2) in Figure 4.4, the volume change of 
the hydrate from its standard state volume, is done at constant composition and is 
described by the activity coefficient in Equation 4.35. 
An expression must be developed which describes the differences between the 
hydrate and the standard state.  XRD data show that the volume of the hydrate is a strong 
function of the guest(s) present in the hydrate.  Therefore, we suggest that the activity 
coefficient be a function of the difference in volume between the hydrate and the standard 
hydrate, ∆vH.  We note, however, that the activity coefficient must have the following 
property 
 1wHγ →  as 0Hv∆ → . 
Implementing the above constraint reduces Equation 4.35 to Equation 4.17 when ∆vH = 0 
(i.e. γwH = 1).   
In the strictest sense, the activity coefficient accounts for the energy change 
involved in taking the volume of the standard lattice to the volume of the real hydrate.  
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In a manner similar to that of Figures 4.2 and 4.4, Equation 4.36 can be seen visually 
(Figure 4.5). 
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Figure 4.5 Alternative expression for corrected model allowing for distortion of 
hydrate due to guests (vβ ≠ vH) 
 
Process (1) is given by Equation 4.37 and process (2) by the van der Waals and Platteeuw 
statistical model, since it is done at constant volume.  Since the chemical potential is a 
state function, Figures 4.4 and 4.5 are equivalent processes.  Inspection of Equations 
4.35, 4.36, and 4.37 and assuming that the heat capacity of the hydrate is not affected in 









g h v dP
RT R T T RT
β βγ
∆ ∆   ∆= + − + 
 






h β  is the enthalpy of formation at reference conditions.  In this work, we 
arbitrarily define the perturbed Gibbs energy and enthalpy of formation be linear in ∆vH,  
0 0w H
g a vβ∆ = ∆   and  0 0w Hh b vβ∆ = ∆ ,  4.39 
satisfying the above constraint on the activity coefficient.  Note that the subscript 0 refers 
to the volume difference at T0 and P0, the temperature and pressure at which 0wg β  and 
0w
h β  are evaluated. 
 It is important to note that the molar volume difference between the standard 
hydrate and the real hydrate, ∆vH, is a strong function of composition of the real hydrate 
and small function of pressure (as will be shown later).  Therefore, the activity coefficient 
will be a strong function of composition and a small function of pressure, as is the normal 
case for liquids.  There will also be a temperature dependence in the activity coefficient 
due to the temperature dependent term introduced by the integration of the enthalpy 
(Equation 4.38). 
4.2.2 Defining a Standard State Hydrate 
The best choice for the standard hydrate would be one that is well characterized 
and not too different from the real state of the system.  If the standard state is well 
defined, small perturbations from this standard state can be accounted for correctly.  With 
this in mind, we turn to the three most common hydrates of sI, sII, and sH: methane, 
propane, and methane+neohexane hydrates, respectively.  Note that the standard states 
for sI, sII, and sH are the empty hydrate lattices and not the actual hydrates.  Therefore, 
the activity coefficients for sI methane hydrates, sII propane hydrates, and sH 
methane+neohexane hydrates will be close to unity. 
The Gibbs energy of water in the standard state can be expressed using classical 
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g β  is the molar Gibbs energy of formation of the standard hydrate at the 
reference conditions (T0 and P0), hwβ is the molar enthalpy, and vwβ is the molar volume.  
These three properties are the unknowns that need to be determined in order to specify 
the standard state hydrate. 








h h c dT
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= + ∫         4.40 
where 
0w
h β  is the molar enthalpy of formation of the standard hydrate at the reference 
conditions (T0 and P0) and wPc β  is the heat capacity at P0.  The heat capacity of the 
standard hydrates for both sI and sII is well approximated by that of ice (Avlonitis 
1994a),VV as is that for sH (Mehta 1996).  However, the molar enthalpies of formation 
are not known and should be regressed to experimental data. 
4.2.3 Molar Volume of Hydrates 
We define the molar volume of the standard hydrates of sI, sII, and sH as the 
molar volumes of methane, propane, and methane+neohexane hydrates, respectively.  
The molar volume of these hydrates, and therefore of the standard states, is well 
characterized via XRD data (Tse 1990, Huo 2002).  The expression for the molar volume 
of hydrates was developed in this work, and is given as 
( ) ( ) ( ) ( ) ( )2 30 1 0 2 0 3 0 0, , expHv T P x v T T T T T T P Pα α α κ = − + − + − − − 
#  4.41 
where α1, α2, and α3 are functions of the hydrate structure only, κ is a function of the 
hydrate guest and structure, and v0 is the volume of the standard hydrate at T0 and P0.  
The compositional dependence of the volume of hydrates is solely in the v0 term.  The 
compositional dependence was assumed to be a Langmuir type expression that accounts 
for a guest molecules repulsive nature with each hydrate cage.  The general form of the 
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∑ ∑#       4.42 
where Nm is the number cages of type m in the hydrate, ∆rim is the repulsive constant for 
guest molecule i in hydrate cage m, and a0* is denoted as the standard lattice parameter at 
T0, P0, and some x0.  The function, f(θim), is defined to be 
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      4.43 
for the 512 hydrate cage and 
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for all other hydrate cages (51262 and 51264).  ηm is the coordination number of cage m 
(zm) per water molecule in the hydrate (Nm), θim is the fractional occupancy of component 
i in cage m, Di is the molecular diameter of component i, and D  is the fractional 
occupancy average molecular diameter of the guest molecules in the hydrate.  Note that 
v0 is assumed to be constant for sH hydrates due to lack of experimental data. 
Equation 4.41 is of the same form as Equation 3.39 for the volume of pure solids.  
The difference, however, is that the compressibility coefficient, κ, and reference volume, 
v0, are solely dependent on hydrate structure and composition of the guest(s) in the 
hydrate while the thermal expansion coefficients, α1, α2, and α3 are solely dependent on 
the hydrate structure. 
Note that Equation 4.41 is used to determine the volume of the real hydrate, 
which is dependent on the temperature, pressure, and composition.  It is also used to 
determine the volume of the standard hydrates; however, in this case, it is only a function 
of temperature and pressure.  The compositional dependence is removed for the standard 
empty hydrates by making v0 a constant.  Since the standard hydrates for sI, sII, and sH 
are methane, propane, and methane+neohexane hydrates, respectively, v0 is assumed to 




4.2.4 Calculation of Cage Occupancy 
As mentioned in the previous chapter, the Kihara parameters, σi and εi, are the 
adjustable parameters in the hydrate model.  Many authors have listed the results of their 
regression of these parameters.  For reasons described later in this section, the Kihara 
parameters determined via second virial coefficients and viscosity data cannot be used 
directly in the hydrate model.  However, the trend of those parameters with the guests 
should be the same.  That is, σi and εi determined for the hydrate model should have the 
same trends as σi and εi determined from second virial coefficients and viscosity data 
with respect to the size of the components.  Figures 4.6 and 4.7 show the two parameters 
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Figure 4.7 Linear trend of Kihara potential parameter ε/k versus a 
 
Since the Kihara parameters determined by second virial coefficients and viscosity data 
(Tee et al. 1966) follow linear trends, the Kihara parameters for the hydrate equation of 
state may be expected to follow a similar trend.  The reported sets of Kihara parameters 
determined by Erickson (1980), Avlonitis (1994b), and Mehta and Sloan (1996) do not 
follow a linear trend (refer to Chapter 6).  However, we believe that in treating the 
hydrate cages in another fashion may linearize the set of Kihara parameters for the 
hydrate equation of state. 
In the development of Equation 3.42, it was assumed that the interaction between 
the guest and the water molecules in cage m could be approximated using an average 









Figure 4.8 Illustration of guest-cage interaction 
 
This approach assumes that all water molecules comprising a hydrate cage are the same 
distance from the center.  Data by McMullan and Jeffrey (1965) and Mak and McMullan 
(1965), shown in Table 4.1, show that the distances of the water molecules from the 
center of the cage are not all the same. 
 
Table 4.1 Types of oxygen atoms at the periphery of both sI and sII hydrate cages 
and distance of each to the center of the cages 
 
(a) sI ethylene oxide hydrate (a = 12.03 Å) (McMullan and Jeffrey 1965) 
 small cage (512) large cage (51262) 
# waters in cage 20 24 
average radius 3.908 4.326 
layer type ( i ) ( k ) ( i ) ( k1 ) ( k2 ) ( c ) 
# waters in layer 8 12 8 8 4 4 
radius (Å) 3.83 3.96 4.47 4.06 4.645 4.25 
 
(b) sII tetrahydrofuran and hydrogen sulfide hydrate (a = 17.1 Å) (Mak and 
McMullan 1965) 
 
 small cage (512) large cage (51264) 
# waters in cage 20 28 
average radius 3.902 4.683 
layer type ( a ) ( e ) ( g ) ( e ) ( g1 ) ( g2 ) 
# waters in layer 2 6 12 4 12 12 





This approach may be ineffective for larger hydrate guests as the guest may fit better in 
certain orientations within the cage.  That is, a larger guest would more likely be oriented 
such that its axis is situated along the largest radius of the cage.  Therefore, we propose 
another approach that may indirectly account for orientation.  We propose that the 
interactions between the guest and water molecules can be better approximated using a 






Figure 4.9 Illustration of multi-layered hydrate cage 
 
We use direct single crystal XRD data for the radii of each water molecule in the hydrate 















 = − 
  
∑
∫       4.45 
where the summation is over all layers (n) in cage m.  Note that the upper limit of the 
integral is evaluated at R1, which is the smallest layer in cage m.  Equation 3.43 can still 
be used to evaluate the potential for a given layer.  In the development of Equation 4.45, 
it is assumed that binary interactions between the guest and the water molecules (layers) 




Another crucial change introduced in this work is to make the radii of each layer 
functions of temperature, pressure, and composition.  Since experimental data show that 
the lattice expands and compresses with temperature, pressure and composition, the cages 
must also expand or compress.  The radii of the layers are assumed to be a linear function 






=          4.46 
where a is the cubic lattice parameter at T, P, and x and 
0n
r  and a0 are the layer radius and 
cubic lattice parameter given in Table 4.1, respectively.  Huo (2001) performed Cerius2 
simulations for sI hydrate to ensure that this assumption is reasonable (Figures 4.10 and 



























Points are from Cerius2
Lines are from Equation 4.46
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Figure 4.11 Predictions of large cage of sI hydrate cage size versus lattice 
parameter 
 
Note that the predictions from Equation 4.46 fall right on the simulation points from 
Cerius2.  This is most likely because the simulation program makes the same assumption 
for the layer size.  The only way to definitively confirm this is to perform single crystal 
XRD or neutron diffraction experiments for hydrates of different sizes. 
4.2.5 New Development of Fugacity 
In order to solve for thermodynamic equilibrium, the fugacity of water in the 
hydrate must be known.  Recall that the current approach to this is to relate the chemical 
potential of water in the hydrate to that in the aqueous phase.  This approach can be 
burdensome; if an aqueous phase is not present, comparing chemical potentials will not 





As discussed in the previous chapter, it is common when solving for fugacity, 
with equations of state, to use the standard state of the ideal gas of the pure component at 
1 bar and the system temperature.  To be consistent, we follow the same approach in this 
work.  Therefore, the fugacity of water in the hydrate is defined as 
 exp wH wowH wo
gf f
RT
µ − =   
       4.47 
where fwo is 1 bar, gwo is the Gibbs energy of pure water in the ideal gas state at 1 bar, and 
µwH is given by Equation 4.35.  Note that the fugacity of water in the hydrate, as 
determined by Equation 4.47, does not require that an aqueous phase be present.  We 
believe that this approach is much simpler to use and understand since the properties of 
the empty hydrate lattice are no longer referenced to pure liquid water.  This approach 
allows the hydrate phase to be calculated in standard thermodynamic sense.  That is, 
calculation of the hydrate phase fugacity is no different than any other solid phase, with 
the exception of the activity, due to the fact that hydrates are not pure. 
 
4.3 Overview of Proposed Changes in Hydrate Fugacity Model 
 Per the discussion above, three major changes are proposed for the hydrate model: 
1. accounting for the hydrate volume, 2. indirectly accounting for non-sphericity in the 
hydrate cages, and 3. expressing the fugacity of water in the hydrate explicitly via 











Table 4.2 Listing of the major differences between the current and proposed 
hydrate fugacity models 
 
Hydrate Property Current Model Proposed Model 
volume constant f(T,P,x) 
formation properties (T0,P0) constant f(x) 
constant f(v) cage size Single shell multi-layered shell 
difference properties actual properties 
fugacity expression explicit in aqueous 
phase 
not explicit in aqueous 
phase 
 
Each of these differences will briefly be discussed below. 
4.3.1 Accounting for the Hydrate Volume 
 The previous model for hydrate fugacity developed by van der Waals and 
Platteeuw and Parrish and Prausnitz assumes that the change in hydrate volume due to 
temperature, pressure, and composition does not affect the stability of the hydrate.  The 
van der Waals and Platteeuw statistical model (Equation 3.40) for chemical potential of 
water in the hydrate makes this assumption explicitly in the derivation while the Parrish 
and Prausnitz model (Equation 3.45) for the difference in chemical potentials of water in 
the aqueous and empty hydrate makes this assumption implicitly in its use.  That is, while 
the difference properties in Equation 3.45 that describe the Gibbs energy, enthalpy, and 
volume of the hydrate could account for a several sizes of empty hydrate, they have all 
been assumed to be constant (Sloan 1998). 
 It is obvious that the volume difference, ∆vw, in Equation 3.45 should change if 
the hydrate volume changes.  However, it is not so obvious that 
0w
g∆  and ∆hw should 
also change as the volume changes.  Holders group acknowledged the fact that the 
hydrate volume changes by correlating 
0w
g∆  (Zele et al. 1999, Lee and Holder 2002) 
with the hydrate composition, neglecting the effects in ∆hw and ∆vw.  In order to fit 




not widely accepted in the hydrate community due to its empirical nature.  We believe 
that Holder and co-workers had the correct concept because the Gibbs energy of the 
empty hydrate should be a function of the hydrate composition.  However, the hydrate 
volume at T0 and P0, which we have derived independently of hydrate formation data, 
gives that function of composition. 
The previous hydrate model has certainly been satisfactory for the last 30 years 
for low pressure applications.  Otherwise, it would have been scrapped and another 
would have been developed.  The fact that the same model has been used for the last 30 
years is evidence of its applicability.  However, the applicability of the model at high 
pressure (> 200 bar) has been criticized.  Due to the deep-water oil and gas exploration 
and production, there is a need for a hydrate model applicable at pressures up to 1000 bar.  




































Figure 4.12 Predictions showing the percent change in predicted hydrate 




The middle solid line is the hydrate prediction for a given, constant hydrate volume while 
the two solid lines on either side are the predictions with a ±1.5 percent perturbation of 
the hydrate volume.  The dashed lines show the percent change in pressure for the 
perturbed predictions.  As can be seen, at low pressure, the pressure prediction is only 
changed by approximately 5 percent.  However, at higher pressures (> 200 bar) the 
percent change in the pressure reaches as high as 15 percent.  To put things in 
perspective, data by Huo (2002) show that the volume can change by as much as 3 
percent due only to hydrate composition.  We believe that, while the change in the 
hydrate volume at low pressures may be insignificant, it becomes significant at higher 
pressures.   
4.3.2 Hydrate Cage Description 
 A thorough review of the literature on hydrate modeling showed that the radii of 
the hydrate cages are assumed to be constant.  This goes hand in hand with the fact that 
the hydrate volume has always been assumed to be constant.  That is, if the volume does 
not change, then the cages that make up that volume should not change either.  With a 
model for the hydrate volume as a function of T, P, and x, it would be inconsistent 
thermodynamics to keep the radii of the cages constant.  Therefore, this change to the 
model is a direct consequence of accounting for the changing hydrate volume. 
 We also propose changing the description of the hydrate cages to indirectly 
account for non-sphericity.  It is clear from the data in Table 4.1 that the hydrate cages of 
sI and sII are not spherical.  However, due to the complexity of the molecular partition 
function for a non-spherical cage, we chose to describe this non-sphericity via a 
weighted, spherical potential.  This approach should allow for preferred orientation of the 












Figure 4.13 Example of a large guest molecule having preferred orientation 
 
A large hydrate guest such as benzene may not fit well in an average sized hydrate cage.  
However, by separating the cage into layers, the guest molecule may fit best in a given 
layer, suggesting that it prefers that orientation in the hydrate cage.  As shown in 
Figure 4.13, the guest may not even fit in the average sized cage; whereas it may prefer to 
be oriented in layer 3 for the multi-layered cage.  Although the Kihara parameters are 
regressed parameters, this approach should lead to more realistic values of these 
parameters. 
 Note that Equation 4.45 is quite similar to that derived by John and Holder (1981, 
1982) and Sparks et al. (1999) for two concentric shells around the hydrate cage.  In their 
work, these authors proposed to add shells around the hydrate cage to allow for potential 
contributions from water molecules outside the immediate cage.  The motivation of this 
work was to be able to use the Kihara parameters determined via second virial 
coefficients and viscosity data (Tee et al. 1966) to describe the guest-water interactions in 
the hydrate.  Although the theoretical derivation of their model was thermodynamically 
consistent, we believe that its motivation is flawed in two ways.   
First, the Kihara parameters determined by Tee et al. are applicable for the 
components in a free environment (i.e. gaseous state).  When a component is encaged in a 




therefore altering the parameters that describe its potential (i.e. Kihara parameters).  
Evidence of this is the fact that Raman (Subramanian 2000) and NMR (Kini 2002) 
spectroscopy can discriminate between given molecules in the vapor and hydrate phases.  
Since Raman and NMR spectroscopy give measures of the vibration and rotation of the 
molecule, respectively, an unaltered rotational and vibrational property of the molecule 
render these tools useless.  However, it has been shown that these tools are quite effective 
in discriminating between the hydrate and other phases.  Therefore, the Kihara 
parameters determined via second virial coefficients and viscosity data are not relevant 
for an encaged molecule. 
Second, the addition of the potential energy from the two shells serves only to 
scale the Kihara parameters.  The shells are far from the center of the hydrate cage and 
therefore the energy contribution is a small function of the position of the hydrate guest 
within the cage.  Therefore, the addition of the shells functions only to adjust the 
potential energy by a constant value for a given hydrate guest, which serves only to adjust 
the Kihara parameters, essentially leaving the total energy unchanged.  For the above two 
reasons, we do not use the concentric shell approach proposed by John and Holder and 
Sparks et al. 
4.3.3 Expression of Hydrate Fugacity 
 We believe that the expression for the fugacity of water in the hydrate given in 
Equation 4.47 is much simpler to use and understand.  The benefits are three-fold: 
 
• The aqueous phase does not need to be present to be able to perform hydrate 
calculations.  Although an aqueous phase will be present in most laboratory 
hydrates, natural gas pipelines often have no aqueous phase. 
• The properties of the empty hydrate are directly used in the model as opposed to 




• The expression for the fugacity of water in the hydrate follows the same 







CHAPTER 5 -  OPTIMIZATION AND RESULTS 
 
 It is a common misconception to think of hydrate modeling as just modeling with 
the hydrate equation of state.  Hydrate modeling involves much more.  The stability of 
the hydrate phase depends on the fugacity of the fluid phases.  If the fluid phases were 
not modeled correctly, it would be an error to attempt modeling the hydrate phase 
correctly because the optimized hydrate parameters would account for errors in the fluid 
phase fugacities.  In this work, we attempt to model the hydrate phase at pressures up to 
1000 bar and therefore, must be able to model the fluid phases at such high pressure as 
well.  For this reason, regression of the needed parameters for the fluid phase fugacity 
models was done for pressures up to 1000 bar. 
All fugacity models, to some extent, have adjustable parameters that need to be 
regressed to experimental data.  In this work, we regressed the following parameters 
listed in Table 5.1. 
 
Table 5.1 Parameters regressed for each fugacity model 
aqueous model refer to Jager (2001) 
hydrocarbon model water-hydrocarbon interactions 
ice model volume parameters 
salt model refer to Jager (2001) 
hydrate model 
Kihara parameters, empty 
hydrate formation properties, 
and volume parameters 
 
Note that the parameters for the Shock and Helgeson equation, Bromley activity model, 
and solid salts phases have been regressed and reported by Jager (2001).  This chapter 




results.  Note that Section 5.4 discusses the common approach to optimizing hydrate 
parameters.  Chapter 6 discusses the approach taken in this work. 
5.1 Preliminary Steps of Regression (Check of SRK EoS) 
Before the regression we needed to ensure the SRK EoS could model vapor and 
liquid hydrocarbon phase equilibria well at high pressures.  We have checked the 
predicted phase behavior with experimental data for all hydrocarbon systems available in 
the GPA Thermodynamic Database (1996).  What follows are a few of the 45 vapor-
liquid hydrocarbon equilibria (VLE) diagrams showing the validity of the SRK EoS for 





















Data by Reamer et al., 1950
 






















Data by Matschke and Thodos, 1962
 
Figure 5.2 Binary VLE for the ethane+propane system at 283.15 K 
 






























Data by Wilson et al., 1977
 




For all systems, the predicted K-values were within 20% of the experimental values, with 
the most error coming from systems involving hydrogen sulfide and carbon dioxide.  
However, for systems involving only hydrocarbons, the predicted K-values are within 
10% of the experimental values.  As seen in Figures 5.1 and 5.3, predictions tend to 
deviate from the experimental data near the critical point and retrograde regions.  This is 
typical of all cubic equations of state. 
 The molar volumes of several hydrate formers were also predicted to ensure that 
the SRK EoS could model them well.  Figures 5.4 and 5.5 are plots of the molar volume 
























Data by Friend et al., 1989
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Figure 5.5 Molar volume of CO2 at several temperatures and pressures 
 
The SRK model predicts the molar volume of hydrocarbons within 2% at pressures and 
temperatures for our interest (as can be seen for methane in Figure 5.4).  The majority of 
the error is at high pressure (1000 bar) and low temperature (250 K).  The molar volume 
predictions for polar molecules are within 1.5% below the vapor pressure (vapor) and 
25% above the vapor pressure (liquid).  It should be noted that the majority of the error 
for polar liquids is near the vapor pressure (as can be seen in Figure 5.5).  At pressures 
well above the vapor pressure, the error is typically around 4%. 
 
5.2 Regression of SRK 
As described in Chapter 3, the SRK cubic equation of state is explicit in pressure.  
The key regression parameter is kij, which is the symmetric interaction parameter between 
components i and j.  The API Data Book (1999) provided all parameters except for the 




given by the API Data Book and we regressed the water-hydrocarbon interaction 
parameters to experimental data. 
 The key type of data used in the regression was the water content (amount) in the 
vapor and liquid hydrocarbon phases.  Regressing to this type of data ensures that the 
saturation point of water is modeled correctly.  Note that, because the amount of water in 
the hydrocarbon phases is very small (typically < 0.01 mole fraction), the fugacity of 
water in all other phases is not changed significantly. 
 A least squares method was employed for the regression in which the predictions 
were compared to data for several values of kij.  All parameters were regressed using 
binary experimental water content data when available.  That is, the water-methane 
interaction parameter was determined using water content data in methane gas.  When 
data was available with two hydrocarbon phases, the water content in the vapor phase 
data was used.  The best fit interaction parameters were found to 4 significant digits via 


















Table 5.2 Regressed interactions parameters for water-hydrocarbon 
Component kij  Component kij 
Methane 0.4965  Cycloheptane 0.4779 
Ethylene 0.3217  Ethylcyclopentane 0.4823 
Ethane 0.5975  Methylcyclohexane 0.4822 
Propylene 0.3815  n-Heptane 0.4880 
Propane 0.5612  2,2,3-Trimethylbutane 0.4886 
n-Butane 0.5569  2,2-Dimethylpentane 0.4903 
i-Butane 0.5382  3,3-Dimethylpentane 0.4881 
n-Pentane 0.5260  cis-1,2-Dimethylcyclohexane 0.5108 
i-Pentane 0.5084  1,1-Dimethylcyclohexane 0.5120 
Benzene 0.3238  Ethylcyclohexane 0.5078 
2,3-Dimethyl-1-Butene 0.5238  n-Octane 0.4871 
3,3-Dimethyl-1-Butene 0.5257  n-Nonane 0.4832 
Methylcyclopentane 0.5135  n-Decane 0.4820 
n-Hexane 0.4969  Nitrogen 0.5063 
Neohexane 0.5272  Hydrogen Sulfide 0.1450 
2,3-Dimethylbutane 0.4816  Carbon Dioxide -0.0700 
Toluene 0.3024    
 
An interaction parameter, kij, equal to zero means that molecule i interacts with molecule 
j no differently than it would interact with itself (and vice-versa).  Therefore, we expect a 
hydrocarbon-hydrocarbon interaction to be relatively small since hydrocarbons do not 
have much polarity.  Note that the interactions of the molecules with water, shown in 
Table 5.2, are fairly large.  This is due to the highly polar water molecule.  Because the 
amount of water content data is great, Figures 5.6 to 5.8 are only a few of the 29 plots 














T = 348.15 K (Kremer, 1982)
T = 344.26 K (Olds et al., 1942)
T = 323.15 K (Kremer, 1982)
T = 310.93 K (Olds et al., 1942)
 













Reamer et al., 1943
Parrish et al., 1982
Sloan et al., 1987
T = 344.26 K
T = 310.93 K
T = 303.15 K
       298.15 K
       293.15 K
       283.15 K
       273.15 K
       263.15 K
       253.15 K
       243.15 K
region
3-φ
259.1 K < T < 270.5 K
 












T =  366.48 K




H2S : 0.063 
Ng et al., 2001
 
Figure 5.8 Water content in a multi-component gas mixture with water 
 
The predictions given in Figure 5.8 are a priori, as this data was not used in the 
regression.  As can be seen, the predictions model the data well.  The model reproduces 
the slight bend in the data at high pressures as well.  For all systems the error, defined by 









= ∑       5.1 
was less than 1E-6 with the most error coming from systems involving hydrogen sulfide 
and carbon dioxide. 
 
5.3 Regression of Ice Phase Model 
Ice is a well defined phase and has been studied extensively.  Therefore, the 
formation properties, standard volume, thermal expansivity, and compressibility were 




compressibility of ice to the two triple points of Ice I (Ice I-Lw-V and Ice I-Ice III-Lw) 
from Bridgman (1912).  Since the model fit the lower phase boundary well, the 
compressibility of ice was regressed to fit the upper phase boundary (i.e. 251.17 K and 
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Figure 5 9 Phase diagram for pure water 
 
The solid lines in Figure 5.9 are predictions from this work whereas the dashed lines for 
the phase boundary of Ice III in Figure 5.9 are from a correlation by Wagner et al. (1994), 
as Ice III is not included as a phase in this work.  As shown in Figure 5.9, the model 
predicts the triple points and the Lw-Ice I and Ice I-V lines well.  The regressed value for 
compressibility is 1.3357E-5 bar-1.  This value is quite comparable to the value of 1.34E-
5 bar-1 determined experimentally (Richards and Speyers 1914, Leadbetter 1965).  The 
fact that the regressed value compared with the experimental value gives validity to the 




5.4 Standard Regression of Hydrate Phase Parameters 
 This section discusses the standard approach to optimizing hydrate model 
parameters.  Chapter 6 discusses the approach taken in this work.  The standard approach 
to regressing hydrate model parameters is to set the difference properties between pure 
water or ice and the empty hydrate (Equation 3.45) and regress the Kihara potential 
parameters independently.  Low pressure hydrate formation data were the only data used 
in the regression.  What follows is a discussion of this approach. 
5.4.1 Setting the Difference Properties 
Many researchers have reported values for the difference properties in Equation 
3.45.  The difference in Gibbs energies and enthalpies of formation at T0 and P0 
are typically taken to be constants depending only on hydrate structure.  Table 5.3 
lists the difference properties values (between ice and empty hydrate) reported in 
literature. 
 
 Table 5.3 Difference properties between ice and empty hydrate at 273.15 K and 1 
bar 
 








h∆  Researcher 
699 0 820 0 van der Waals and Platteeuw (1959) 
- - 368-536 - Barrer and Ruzicka (1962) 
1255 - 795 795 Child (1964) 
- - 883 - Sortland and Robinson (1964) 
1264 1150 - 808 Parrish and Prausnitz (1972) 
1155 381 - 0 Holder (1976) 
1276/1294 941/2213 - - Holder and Corbin (1979) 
1297 1389 937 1025 Dharmawardhana et al. (1980) 
1299 1861 - - Holder et al. (1980) 
1120 931 1714 1400 John et al. (1985) 
1287 931 1068 764 Handa and Tse (1986) 
1297 1395 975 785 Barkan and Shinen (1993) 
1263 1389 883.8 1025 Sloan (1998) 




As can be seen in the table, there is a lot of scatter between the reported values.  The 
stability of hydrates is very sensitive to the choice of values for the difference properties.  
For this reason, we chose to optimize the formation properties of the standard empty 
hydrate and the Kihara potential parameters simultaneously. 
 The difference in volume between ice and each empty hydrate of sI, sII, and sH is 
assumed to be constant values of 3.00, 3.40, and 3.85 cm3/mol, respectively.  When the 
difference is needed for pure liquid water, a constant value of 1.598 cm3/mol is added to 
that of the difference for ice.  This approach has two problems.  First, it assumes that the 
volumes of ice and pure liquid water have the same temperature and pressure 
dependence.  Second, this approach assumes that the temperature and pressure 
dependence of each hydrate structure is the same as that of ice and pure liquid water.  
Both of these assumptions are certainly true to a first approximation.  However, there is 
enough experimental data on the volumes of ice, pure liquid water, and hydrates so that 
more accurate expressions can be developed for each phase. 
5.4.2 Regression of Kihara Potential Parameters 
 The current hydrate model does well at low pressures.  However, at pressures 
above 200 bar, the model tends to underpredict hydrate formation pressures.  Per the 
discussion above, it is not a mystery why this is so.  For temperatures near 273.15 K and 
pressures up to 200 bar, the volumes of ice, pure liquid water, and hydrates are fairly 
constant.  However, it is beyond these conditions that the differences in thermal 
expansivity and compressibility of the three phases affects the predictions.  This is why 
the standard approach is to regress to hydrate formation data at low pressure; because the 
assumptions stated above do not hold at high pressure. 
 In this work, we have developed models for the volumes of each phase that are 
valid at pressures beyond 1000 bar.  With these models, it is possible to regress the 




5.4.3 Hydrate Formation Data for Regression 
 With the recent outpouring of spectroscopic measurements of the hydrate phase 
(i.e. composition, fractional occupancy, structural transitions, volumes,) it makes sense 
to use such measurements in the optimization of hydrate parameters.  The biggest test of 
the validity of a model is to use it to predict several types of experimental data.  In the 
standard approach to hydrate parameter regression, this data is not used.  In this work, 
however, we use all available data in the optimization of hydrate model parameters in 
hopes of determining the weaknesses in the model.  This will allow us to determine what 
aspects of the model need future refinement. 
5.4.4 Objective Function 
 The most common objective function for the regression of hydrate model 
parameters is the difference between predicted and experimental hydrate formation 
pressures.  This objective function is certainly a valid one.  However, the predicted 
hydrate formation pressure is determined via an iterative approach, and therefore cannot 
be determined analytically.  Because of this, derivatives cannot be taken, and Newtons 
method cannot be used in optimizing the parameters.  In this work, we took the objective 
function as the fugacity ratio between the hydrate and the reference phase at the 
experimental temperature and pressure.  This objective function is not only a more 
stringent criterion than pressure, but it is also analytical, permitting a more efficient 






CHAPTER 6 -  HYDRATE PARAMETER OPTIMIZATION 
 
 This chapter gives a detailed outline of the steps involved in regressing the 
hydrate parameters to experimental data.  In particular, we will discuss the Gauss-Newton 
method, the type of data used in the regression, the objective functions, the parameters to 
be optimized, and the derivatives of the objective function with respect to each 
parameter. 
 
6.1 The Gauss-Newton Iterative Method 
For the problem of optimizing m parameters to n data points, we seek a vector of 
optimized model parameters mp ∈# R  such that the sum of squares 










= ∑# #         6.1 
is at a minimum.  The vector, p# , represents all model parameters that need to be 
optimized.  The objective function, nF ∈
#
R , will be defined in Section 6.3.  The 
equations, ( )jF p
# , are nonlinear and, therefore this problem is commonly called the 
nonlinear least squares problem.  A full Newton method, at a given set of parameters, 
involving the step  
2
c c csφ φ∇ = −∇
#         6.2 
where cs
#  is the correction vector, involves considerable derivative evaluation since the 
gradient of φ is given by 
T
c c cJ Fφ∇ =
#
         6.3 
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In this context, Jc is the Jacobian matrix of the function cF
#
 evaluated at cp p=
# # : 




 ∂=   ∂ 






















∂ ∂ ∂ 
 ∂ ∂ ∂ 
∂ ∂ ∂ 
 ∂ ∂ ∂=  
 
 ∂ ∂ ∂ 
 ∂ ∂ ∂ 
$ $ % $
.      6.6 
Note that the second gradient of cF
#
 could be considered the Jacobian, or gradient, of this 
Jacobian matrix.  It would require much more evaluation of the derivatives of the 
function cF
#
 and therefore, we will find a way around having to determine an expression 
for it.   
If the model we are trying to fit the parameters to fits the data well, then near the 
solution we will have 0jcF ≈ , j = 1,,n, and the summation term in Equation 6.4 will go 
away, reducing it to 
2 T
c c cJ Jφ∇ = .         6.7 
Substitution of Equations 6.3 and 6.7 into 6.2 gives the following expression used to 
obtain a solution to the minimization problem stated in Equation 6.1: 
T T
c c c c cJ J s J F= −
## .        6.8 





1. Evaluate ( )c cF F p=
# # #  and the Jacobian ( )c cJ J p=
# . 
2. Solve ( )T Tc c c c cJ J s J F= −
## . 
3. Update c cp p s= +
# # # . 
4. Goto Step 1 
 
Note that cs









.        6.9 
Thus, in a reliable implementation of the Gauss-Newton step we can use a least squares 
method to compute the step direction.
  
6.2 Experimental Data Used in Optimization 
 The majority of the experimental hydrate data available in the literature is 
formation pressure and temperature points (i.e. the formation pressures and temperatures 
of hydrates for a given gas mixture in contact with water).  Since the main purpose of a 
hydrate prediction program is to predict this type of data, it was used in the optimization.  
In all optimization efforts reported in literature, this was the only type of experimental 
data used to regress the hydrate parameters.  In this work, however, we choose to use 
other types of experimental data available. 
Note that hydrate formation data is analogous to dew and bubble point data for 
vapor-liquid hydrocarbon equilibria.  When checking the validity of a cubic equation of 
state, however, the predictions of dew and bubble points is checked as well as other type 
of experimental vapor and liquid hydrocarbon data such as compositions, azeotropes, and 
volumes.  We certainly would not be satisfied with a cubic equation of state if it could 
predict the dew and bubble points but not other types of data.   
With this in mind, in this work, we were not satisfied with the hydrate equation of 




analogous types of data in regressing the hydrate parameters: composition and 
distribution of guests between cages, structural transitions, and volumes.  The actual data 
used in the optimization is presented in Appendix C and the optimization results in 
Chapter 7. 
The temperature and compositional dependence of the hydrate volume model 
were regressed independent of the hydrate formation temperatures and pressures and, 
therefore, need not be regressed again.  However, the pressure dependent term in the 
hydrate volume model was not determined at that time due to lack of experimental data. 
 
6.3 Objective Function 
In order to optimize model parameters for the hydrate prediction program, we 
must first set up the objective function.  As discussed in the previous section, the majority 
of the data that we had was formation pressure and temperature points.  We know that, at 
the hydrate formation point, the fugacity of water in the hydrate is equal to that in the 
reference phase (i.e. any other phase present).  Since this is a stringent condition on the 
stability of the hydrate, we chose the objective function to be of the form 
 
j jj wH wr
F f f= −      j = 1,.,n   6.10 
where n is number of data points and 
jwH
f  and 
jwr
f  are the fugacities of water in the 
hydrate phase and reference phase, respectively, at the temperature and pressure of data 
point j.  Due to the expression of fugacity of water in the hydrate phase (Equation 4.47), 
and due to the monotonic nature of a function and its natural log, it was more convenient 
to express the objective function as 
ln ln 0
j jj wH wr
F f f= − =     j = 1,.,n.   6.11 
The choice to make the objective function of this is apparent when the fugacity of water 




ln 0wH woj wrF fRT
µ µ−= − =     j = 1,.,n   6.12 
Recall the complete expression for the chemical potential of water in the hydrate, as 






















RT RT R T T RT RT
g h v dP







= + − − + + 
 












1 1 ln 1














RT R T T RT RT
a v b v v dP f
RT R T T RT RT
β
β β β υ θ
µ
   = + − − + + − +   
  






        j = 1,.,n.   6.14 
Equation 6.14 is the final form of the objective function used in this work.  The next 
section will discuss the parameters of the hydrate model that were optimized. 
 
6.4 Optimized Hydrate Parameters 
 The optimized parameters in this work fell into three categories: 1. standard 
hydrate formation properties, 2. volume model parameters, and 3. Kihara potential 










Table 6.1 Parameters regressed for the hydrate model 
Standard Hydrate Formation Properties (k = 1,,3) 
0 kw
g β  Gibbs energy of formation of standard hydrate lattice at T0 and P0 
0 kw
h β  heat of formation of standard hydrate lattice at T0 and P0 
ak perturbation constant of Gibbs energy of formation (Equation 4.53) 
bk perturbation constant of enthalpy of formation (Equation 4.53) 
  
Volume Model Parameters (i = 1,,C) 
αk  thermal expansivity for each hydrate structure (k = 1,,3) 
κik  compressibility for each hydrate guest (k = 1,,3) 
∆rim  repulsive constant for each hydrate guest in each cage (m = 1,,4) 
  
Kihara Potential Parameters (i = 1,,C) 
σi soft core radius of each hydrate guest 
εi/k spherical cell potential well-depth of each hydrate guest 
 
The details of the regression procedure for each set of parameters are discussed in later 
sections. 
6.5 Optimization Procedure for Non-Standard Hydrate Data 
 The experimental data for the pressures and temperature of hydrate formation 
were used in the Gauss-Newton optimization procedure.  In order to use the other types 




6.5.1 Regression to Hydrate Compositional Data 
 The two types of compositional hydrate data available in the literature are: 1. 
hydration number (i.e. number of water molecules in the hydrate per guest molecule) and 
2. fractional occupancy ratio data (i.e. distribution coefficients for a guest between the 
small and large cage of the hydrate).  The advantage of having this type of data is that 
prediction of them is independent of the formation properties of the standard hydrate 
leaving the only dependence on the Kihara potential parameters.   
The most abundant of this type of data is for methane hydrate and therefore, the 
methane Kihara potential parameters were constrained to fit it.  Several experimental 
values for the hydration number and fractional occupancy ratio of methane hydrate at 
273.15 K have been reported in the literature.  We constrained the methane Kihara 
potential parameters, σi and εi/k, to fit both the hydration number and fractional 
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Figure 6.1 shows the two regions for the potential parameters needed in order to 
reproduce the hydration number (light shade) and fractional occupancy ratios (medium 
shade) within the experimental error.  For example, the hydration number could be 
predicted within experimental error for all values of σ shown with ε/k is greater than 
~155 K, leaving many possible combinations of σ and ε/k with which to use.  The union 
of the two areas is the region in Figure 6.1 labelled Constrained Area (dark shade).  
The significance of the constrained area is that the methane Kihara potential parameters 
can be constrained to this region during the Gauss-Newton optimization.  Note that, if the 
data had no experimental error, the constrained regions would be lines intersecting at a 
point in the diagram, and determination of the Kihara potential parameters for methane 
would be known prior to the Gauss-Newton optimization. 
6.5.2 Regression to Hydrate Structural Transitions 
 Hydrate structural transition data gives the composition, temperature, and 
pressure at which a two hydrates are present at the formation conditions.  Several 
researchers have reported such data.  Structural transition in cyclopropane hydrates have 
been reported by Hafemann and Miller (1969).  They showed that the quadruple points, 
Ice-sI-sII-V and Aq-sI-sII-V, of the cyclopropane+water system were at 257.14 K and 
274.6 K, respectively.  Holder (1976) reported structural transition data for the 
ethane+propane+water system.  The data reported by Hafemann and Miller and by 
Holder were qualitative in that they deduced the transition points from the slopes of the 
hydrate formation lines.  Subramanian et al. (2000a, 2000b) reported structural transition 
data on the methane+ethane+water system for two compositions, temperatures, and 
pressures.  In this work, Raman and NMR spectroscopy were used to measure the hydrate 
phase directly.  Complimentary to the work of Subramanian et al., Jager (2001) reported 
the first structural transition data for a processed natural gas using Raman spectroscopy. 
 The knowledge of hydrate structural transition points can be quite helpful in that 




an azeotrope.  Another benefit of hydrate structural transition data is that they give an 
indication of the stability of the two hydrate structures relative to each other. 
 In this work, we used only the data by Subramanian et al. (2000a) for the lower 
structural transition in the methane+ethane+water system.  After all parameters were 
optimized, the data reported by other researchers was predicted to ensure the validity of 
the model.  The reported composition, temperature, and pressure were 0.736 ± 0.014 
methane in the vapor phase, 274.15 K, and ~10 bar.  This data point was added to the 
Gauss-Newton optimization for both sI and sII hydrates.  Each point was weighted to 
ensure the structural transition was modeled correctly. 
6.5.3 Regression to Hydrate Volume 
The modifications made to the hydrate fugacity model are based solely on the 
knowledge of the hydrate volume.  Therefore, an accurate model was needed that 
accounted for the temperature, pressure, and compositional dependencies.  The data used 
to obtain a model for the volume of hydrates was thermal expansion, compressibility, and 
several measurements of hydrate volume with respect to guest composition. 
The thermal expansivity of hydrates (i.e. how the volume changes with 
temperature) was the first data used to develop the volume model.  It has been proposed 
by Tse et al. (1987) that the guest molecule plays a subtle role in governing the thermal 
expansion of sI hydrates (i.e. the thermal expansion of sI hydrates is independent of 
guest).  We tested this proposition by assuming that we can express the thermal 
expansivity of a given hydrate structure as a quadratic function in temperature: 
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    6.15 
where α1, α2, and α3 are functions of the hydrate structure only.  Integrating Equation 
6.15 from T0 to T and cubing it, we get 




where v0 is the volume of the hydrate at T0.  Huo (2002) has recently reported the lattice 
parameters (cube root of volume) for many hydrates of sI and sII at 1 bar.  Plotting the 
change in lattice parameter versus temperature for both the temperature dependent model 
given in Equation 6.16 and experimental data confirms the assumption that all sI hydrates 
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Figure 6.3 Plot of change in lattice parameter versus temperature for sII hydrates 
 
Thermal expansion data for sH hydrates of methane+neohexane have been measured by 
Tse (1990).  Although sH hydrates are hexagonal in structure, the temperature dependent 
volume model given by Equation 6.16 is still valid.  Due to lack of data, the thermal 
expansion of sH hydrates was also assumed to be independent of composition.  The 
thermal expansion parameters for sH hydrates were regressed using the data by Tse.  All 
regressed values for the thermal expansivity parameters are given in Table 6.2. 
 
Table 6.2 Regressed volumetric thermal expansion parameters for hydrate volume 
(divide by 3 to get linear thermal expansion parameters) 
 
Hydrate α1 (K-1) α2 (K-2) α3 (K-3) 
sI 3.384960E-4 5.400990E-7 -4.769460E-11 
sII 2.029776E-4 1.851168E-7 -1.879455E-10 




Note that, since all hydrates of a given structure have the same thermal expansion, the 
values in Table 6.2 are also the thermal expansion parameters for the standard empty 
hydrates. 
Huo (2002) has recently reported XRD data supporting Avlonitis (1994b) 
proposal that the volume of the hydrate should depend on the composition.  We assume 
that the composition dependence is independent of the temperature effects and put it into 
the v0 term of Equation 6.16.  The model for the compositional dependence was assumed 
to be a Langmuir type expression that accounts for a guest molecules repulsive nature 
with each hydrate cage.  The general form of the model is 
( ) ( )
3
*
0 0 m im im
m i
v x a N f rθ = + ∆  
∑ ∑#       6.17 
where Nm is the number cages of type m in the hydrate, ∆rim is the repulsive constant for 
guest molecule i in hydrate cage m, and a0* is denoted as the standard lattice parameter at 
T0, P0, and some x0.  The standard lattice parameters for sI, sII, and sH hydrates were 
arbitrarily chosen to be 11.99245, 17.10000, and 11.09826 cm3/mol, respectively.  The 
function, f(θim), is defined to be 
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for the 512 hydrate cage and 












        6.19 
for all other hydrate cages.  ηm is the coordination number of cage m (zm) per water 
molecule in the hydrate (Nm), θim is the fractional occupancy of component i in cage m, Di 
is the molecular diameter of component i, and D  is the fractional occupancy average 
molecular diameter of the guest molecules in the hydrate.  The addition of the 
exponential term in Equation 6.18 was suggested by Huo (2001) to account for the 




The regression of the repulsive constants was done all at the same temperature.  
That is, all data on the volume of hydrates reported by Huo was taken to T0 using 
Equation 6.16 and the repulsive constants were optimized using Newtons method.  The 
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Figure 6.4 Predicted hydrate v0 versus experimental hydrate v0 for sII hydrate 
 
Note that the points should lie directly on the one-to-one line in Figure 6.4 if the model 
predicted the data with no error.  To give an idea of how much error is in the predictions 
from Equation 6.17, the dotted lines above and below the one-to-one line are error 
bounds of 0.15 percent from the experimental value.  To put things in perspective, the 
data by Huo suggest that the hydrate volume can change by as much as 3 percent due 




Table 6.3 Regressed repulsive constants and guest diameters for hydrate volume 
Component Diameter (Å) sI small sI large sII small sII large 
Methane 4.247 1.7668E-2 0 2.0998E-3 1.1383E-2 
Ethylene 4.816 0 1.0316E-2 2.3814E-3 1.3528E-2 
Ethane 5.076 0 1.5773E-2 2.5097E-3 1.4973E-2 
Propylene 5.522 0 2.5154E-2 0 2.1346E-2 
Propane 5.745 0 2.9839E-2 0 2.5576E-2 
n-Butane 6.336 0 0 0 3.6593E-2 
i-Butane 6.306 0 0 0 3.6000E-2 
i-Pentane 6.777 0 0 0 4.7632E-2 
Benzene 6.272 0 0 0 3.5229E-2 
Nitrogen 4.177 1.7377E-2 0 2.0652E-3 1.1295E-2 
H2S 4.308 1.7921E-2 0 2.1299E-3 1.1350E-2 
CO2 4.603 0 5.8282E-3 2.2758E-3 1.2242E-2 
Xenon 4.404 1.8321E-2 0 2.1774E-3 1.1524E-2 
 
Guests larger than ethane cannot fit into the small cage of sII and therefore the repulsive 
constants are zero.  Due to lack of sI compositional data, the repulsive constant for only 
one of the hydrate cages could be regressed.  Due to lack of sH compositional data, the 
volume sH hydrates was assumed to be independent of composition. 
With the temperature and compositional dependence of the hydrate modeled well, 
we made another assumption that the compressibility is a function of hydrate guest, i, and 







κ ∂ =  ∂ 
.        6.20 
Integrating this from P0 to P and cubing it, we get 
 ( ) ( )0 0exp iHv P v P Pκ= −          6.21 
where v0 is the volume of the hydrate at P0.  We can see that the exponential terms in 
both Equations 6.16 and 6.21 are just corrections to the hydrate volume at T0 and P0 
(Equation 6.17).  Assuming that these corrections are independent of each other, the 




( ) ( ) ( ) ( ) ( )2 30 1 0 2 0 3 0 0, , expH Hv T P x v T T T T T T P Pα α α κ = − + − + − − − 
# .4.56 
Note that the lattice parameter of cubic hydrates is just the cube root of Equation 4.56, 
( ) ( ) ( ) ( ) ( )2 331 20 0 0 0 0, , exp 3 3 3 3
H
Ha T P x a T T T T T T P P
αα α κ = − + − + − − −  
# , 
so that a0 is the standard lattice parameter at T0 and P0 (only dependent on composition), 
and the linear thermal expansion and compressibility parameters are just the volumetric 
parameters divided by 3. 
Due to lack of experimental data for the compressibility of hydrates, the approach 
taken for the regression was different, and is discussed in detail here.  The only available 
literature compressibility data for hydrates is for sI hydrates of methane (Hirai et al. 
2000) and sI and sII hydrates of nitrogen (Kuhs et al. 1996).   Compressibility data is 
reported for sI hydrates of ethylene oxide and sII hydrates of krypton, however this data 
is not applicable to this work, since we do not account for ethylene oxide or krypton.   
We were able to fit the X-ray diffraction compressibility data for methane hydrate 
using the hydrate volume model given by Equation 6.21 with a value of 1.0E-5 for the 
linear compressibility (or 3.0E-5 for volumetric compressibility).  Figure 6.5 shows the 


























κ  = 1.0E-5
T = 298.15 K
data by Hirai et al., 2000
  
Figure 6.5 Regressed value of linear compressibility for sI methane hydrate using 
data by Hirai et al. (2000) 
 
The neutron diffraction compressibility data for sI and sII hydrates of nitrogen was used 
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T = 273.15 K
data by Kuhs et al., 1996




Figure 6.6 Regressed values of linear compressibility for sI and sII nitrogen 
hydrates using data by Kuhs et al. (1996) 
 
In their work, Kuhs et al. determined that nitrogen+water forms both sI and sII hydrates 
depending on the system pressure.  Another, more astonishing, result of their work was 
that they found that nitrogen doubly occupies the large cages of sII hydrates at high 
pressures.  In other work, Kuhs (2001) found that the large cages of sI hydrate are also 
doubly occupied at high pressure.  This data conflicts with the first assumption made by 
van der Waals and Platteeuw in their development of the thermodynamic model for 
hydrates.  It is possible to account for more than one guest molecule in a hydrate cage; 
however, in this work we do not.  For this reason, it would be inconsistent to use the data 
given in Figure 6.6 for the determination of the compressibility of the nitrogen hydrates.  




 Several hydrates have been studied at high pressure using Raman spectroscopy: 
carbon dioxide (Nakano et al., 1998), methane (Nakano et al., 1999), ethane (Morita et 
al., 2000), and ethylene (Sugahara et al., 2000).  Although Raman spectroscopy cannot 
determine the hydrate volume, it was used to determine the pressure dependence of the 
oxygen-oxygen (O-O) vibration energy for each type of hydrate at pressures up to 5000 





















Carbon Dioxide Hydrate (Nakano et al., 1998)
Methane Hydrate (Nakano et al., 1999)
Ethane Hydrate (Morita et al., 2000)
Ethylene Hydrate (Sugahara et al., 2000)
  
Figure 6.7 Pressure dependence of the O-O vibration energy in four different 
hydrates measured via Raman spectroscopy 
 
The actual values of the Raman shifts in Figure 6.7 are not as important as the change in 
them with respect to pressure.  The slopes corresponding to each hydrate may give some 
indication of the compressibility of the hydrates.  That is, higher O-O vibration energies 




of the hydrates in Figure 6.7 are plotted versus the guest diameter, which was determined 




































Figure 6.8 Correlation of slope of O-O vibration energy with respect to pressure 
versus hydrate guest diameter 
 
As seen in Figure 6.8, a linear correlation exists for methane, ethylene, and ethane 
hydrates.  However, the carbon dioxide slope does not fit well with a linear trend.  This 
may be because carbon dioxide is a quadrupolar molecule whereas the other three are not.  
The general trend to take from Figure 6.8 is that larger hydrate guests have smaller 
changes in the O-O vibration energy with respect to pressure, and therefore smaller 
compressibility.  This is most likely due to the free volume in the hydrate. 
Because the optimization of the potential parameters depends on the volume of 




stability of the hydrate as a function of the compressibility.  Figure 6.9 is a plot of the 
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κ  = 1.0E-8
  
Figure 6.9 Stability of sI methane hydrate as a function of compressibility 
 
As the figure shows, the stability at pressures below 1000 bar is not significantly affected 
for compressibilities less than 1E-6; and is unaffected by compressibility for pressures 
less than 200 bar.  As shown in Figure 6.7, the ethane and ethylene hydrates are 
essentially incompressible compared to methane hydrate.  Therefore, the hydrate 
formation pressures and temperatures for ethane and ethylene hydrates should not be 
affected by the actual value of the compressibility, assuming that the compressibility of 




With this in mind, the next step taken was to optimize the carbon dioxide, 
ethylene, and ethane potential parameters to low pressure hydrate formation data.  The 
only data used in these regressions was along the Aq-sI-V equilibrium line, which 
extends to pressures no higher than 45 bar.  For this optimization, the compressibilities 
were assumed to be 1E-6.  When the predictions of formation pressures and temperatures 
at low pressure were satisfactory, the compressibilities were regressed using the higher 
pressure hydrate formation data.  Although the fluid fugacity models were not regressed 
to such high pressures, this was the only approach to take in order to obtain the 
compressibilities.  Figure 6.10 shows the result of the regression for the linear 

































Note that, for the non-polar molecules, there seems to be a linear trend of compressibility 
with the guest diameter.  This was used as a basis for determining the compressibilities of 
all other guest molecules in sI hydrates.   
The compressibilities for other hydrate guests of sI were regressed in a similar 
fashion, however, with the constraint that they fit the linear trend in Figure 6.10.  We 
assumed that the slope of the linear line in Figure 6.10 for the non-polar molecules could 
also be applied to polar molecules.  Therefore, the compressibility of hydrogen sulfide, 
being a polar molecule, was regressed such that it fit a linear trend with carbon dioxide 
(having the same slope as that for non-polar molecules).  Figure 6.11 shows the 





































We can see that all of the non-polar molecules fit the linear trend well.  Note that the 
regressed compressibility of sI nitrogen hydrate is greater than the value determined from 
the Kuhs et al. data.  This is expected since the current hydrate model does not account 
for double occupancy of nitrogen in the large cage of sI hydrate.  The effective guest 
diameter of a doubly occupied hydrate cage would be larger than than that of a singly 
occupied hydrate, and therefore having a smaller compressibility. 
 The compressibilities of sII hydrate formers could not be determined via 
regression to hydrate formation pressures and temperatures due to lack of experimental 
data at high pressures.  Therefore, all values were arbitrarily chosen between 1E-6 and 
1E-8, based on guest size.  The compressibility of a mixed hydrate (i.e. more than one 







= ∑         6.22
 
where θiL is the fractional occupancy of hydrate guest i in the large cage.  Note that for 
sH hydrates, no experimental compressibility data exists.  Therefore, the compressibility 
of the sH hydrate, κsH, is assumed to be 1E-7.  Table 6.4 lists all compressibility 










Table 6.4 Regressed compressibility parameters for hydrate volume 
Component sI sII 
Methane 1.0E-05 5.0E-05 
Ethylene 2.2E-06 2.2E-05 
Ethane 1.0E-08 1.0E-07 
Propylene 1.0E-07 1.0E-06 
Propane 1.0E-07 1.0E-06 
n-Butane NA 1.0E-08 
i-Butane NA 1.0E-08 
i-Pentane NA 1.0E-08 
Benzene NA 1.0E-08 
Nitrogen 1.1E-05 1.1E-05 
H2S 5.0E-06 1.0E-05 
CO2 1.0E-06 1.0E-05 
Xenon 9.0E-06 1.0E-05 
 
Note that the compressibility parameters were not known for sI hydrate formers in the sII 
hydrate.  Since the large cage of sII hydrate is larger than that of the sI hydrate, and 
therefore a larger free volume, it was assumed that the compressibility parameters were 
approximately an order of magnitude greater (and vice versa for sII formers in sI 
hydrate). 
 The standard hydrates of sI, sII, and sH were assumed to be the empty hydrates of 
methane, propane, and methane+neohexane, respectively.  While the thermal expansion 
parameters are the same for the real and standard hydrates, the compressibility parameter 
and standard volume are not.  The volumetric compressibilty of the standard hydrates of 
sI, sII, and sH are 3E-5, 3E-6, and 3E-7, respectively.  The standard volumes for each are 





6.6 Derivatives of the Objective Function 
 In order to perform the Gauss-Newton procedure for the optimization of the 
hydrate parameters, the first derivatives of the objective function, Equation 6.14, with 
respect to each parameter is needed.  What follows is the derived expressions for the 
these derivatives. 
6.6.1 Derivatives with Respect to Formation Properties 
 The derivatives of the objective function with respect to the formation properties 
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6.6.2 Derivatives with Respect to Kihara Potential Parameters 
 The derivatives of the objective function with respect to the Kihara potential 
parameters are more complex than those for the formation properties.  The derivative 
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where, from Equation 4.37, 






∂ ∂ = − ∂ ∂ 













∂ ∂∑   k = 1,.,C  j = 1,.,n  6.29 
Using Leibnitz rule 
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∂ = − + +  ∂ ∫ ∫   6.30 
for evaluating the derivative of the Langmuir constant expression, Equation 4.66, we get 
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where the Kihara spherical core potential derivatives are 
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Since the implicit function Nknδ  is not a function of the soft core radius of the hydrate 
guest, the evaluation of it is the same (Equation 3.43b). 
 The derivative of the objective function with respect to the potential well-depth of 
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where, from Equation 4.37, 
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We again use Leibnitz rule to evaluate the derivative of the Langmuir constant 
expression to get 
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where the Kihara spherical core potential derivatives are 
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Since the implicit function Nknδ  is not a function of the potential well depth of the hydrate 
guest, the evaluation of it is the same. 
 
6.7 Results of Gauss-Newton Optimization 
 With the volume model completed, the next step was to optimize the formation 
properties and Kihara potential parameters.  As discussed above, hydrate formation 
pressures and temperatures were used.  Note, however, that only Aq-H-V data was used 
in the optimization (as opposed to Ice-H-V and Aq-H-Lhc data).  The reason for this is 
that the kinetics of hydrate dissociation are dampened when an ice or liquid hydrocarbon 
phase is present, possibly resulting in data of poor quality. 
 It should be noted that, when optimizing to hydrate formation data, the hydrate 
structure needs to be specified.  This is not much of a problem for single hydrates such as 
methane, ethane, and propane.  However, spectroscopic measurements of binary hydrates 




was necessary for us to perform an analysis on all binary hydrates to make sure that the 
correct structure was assumed. 
Although the Gauss-Newton method is a robust method, we found that if too 
many parameters were regressed simultaneously, a satisfactory optimization could not be 
performed.  However, since methane, ethane, and propane are the most abundant gases in 
a natural gas pipeline, the formation properties of sI and sII hydrates as well as the 
potential parameters for these hydrocarbons were regressed simultaneously.  All low 
pressure data for methane, ethane, propane, methane+ethane, methane+propane, and 
ethane+propane hydrates was used in the regression.  A complete listing of the data used 
is given in Appendix C.  Note that only binary hydrate data was used so that true 
predictions could be made for multi-component hydrates. 
The hydrate structure of the methane+ethane were assumed based on 
spectroscopic measurements and the structure of the methane+propane hydrates were 
assumed to be sII for compositions of methane less than 0.99 mole fraction.  For the 
ethane+propane hydrates, we created pseudo-binary P-x plots to determine the hydrate 
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Figure 6.12 Pseudo-P-x diagram for ethane+propane hydrates at 277.6 K 
 
In this case, only the lower 4 sII hydrate points and the lower 3 sI hydrate points were 
used in the optimization.  The reason for this is to ensure that we were regressing to the 
correct hydrate structure.   
 After the formation properties of sI and sII hydrates and Kihara potential 
parameters for methane, ethane, and propane were optimized, the Kihara potential 
parameters were optimized for all other hydrate guests using pure and binary hydrate 
data.  Note, however, that only data for binary gas mixtures involving methane and a sH 
hydrate former was used for the optimization of sH guests and formation properties.  A 
prediction assuming sI hydrates were the stable hydrate was made for all sH hydrate data 
to ensure that the data was actually for sH hydrates.  Figure 6.13 gives an example of this 
















Mehta and Sloan, 1993
Hutz and Englezos, 1995
Ostergaard et al., 2000
Prediction Assuming sI Hydrate
  
Figure 6.13 Pressure versus temperature diagram for methane+i-pentane 
hydrates assuming sI hydrates 
 
As can be seen in the figure, the data at higher temperatures (Ostergaard et al. 2000) is 
most likely sI hydrates.  Therefore, only the lower temperature data was used in the 
regression of i-pentane potential parameters.  Table 6.5 lists the formation properties of 











Table 6.5 Regressed formation properties of standard hydrates 
Property sI sII sH 
0w
g β  (J/mol) -235537.85 -235627.53 -235491.02 
0w
h β  (J/mol) -291758.77 -292044.10 -291979.26 
a (J/cm3) 25.74 260.00 0 
b (J/cm3) -481.32 -68.64 0 
 
Table 6.6 Regressed Kihara potential parameters (a is from Sloan 1998) 
Component a (Å) σ (Å) ε/k (K) 
Methane 0.3834 3.14393 155.593 
Ethylene 0.4700 3.24461 180.664 
Ethane 0.5651 3.24693 188.181 
Propylene 0.6500 3.33039 186.082 
Propane 0.6502 3.41670 192.855 
n-Butane 0.9379 3.51726 197.254 
i-Butane 0.8706 3.41691 198.333 
i-Pentane 0.9868 3.54550 199.560 
Benzene 1.2000 3.25176 223.802 
2,3-Dimethyl-1-Butene 1.0175 3.55376 211.924 
3,3-Dimethyl-1-Butene 0.7773 3.56184 253.681 
Methylcyclopentane 1.0054 3.56878 229.928 
Neohexane 1.0481 3.54932 229.832 
2,3-Dimethylbutane 1.0790 3.57910 210.664 
Cycloheptane 1.0576 3.59028 250.187 
Ethylcyclopentane 1.1401 3.60425 219.083 
Methylcyclohexane 1.0693 3.58776 237.989 
2,2,3-Trimethylbutane 1.1288 3.59955 232.444 
2,2-Dimethylpentane 1.2134 3.59989 224.609 
3,3-Dimethylpentane 1.2219 3.59117 204.968 
cis-1,2-Dimethylcyclohexane 1.1494 3.60555 233.510 
1,1-Dimethylcyclohexane 1.1440 3.60212 246.996 
Ethylcyclohexane 1.1606 3.60932 220.527 
Nitrogen 0.3526 3.13512 127.426 
Hydrogen Sulfide 0.3600 3.10000 212.047 
Carbon Dioxide 0.6805 2.97638 175.405 





Figures 6.14 and 6.15 show the relation between the soft core radius, σi, and the 
well potential depth, εi/k, versus the hard core radius, ai, for the Kihara parameters 
determined in this work and those of three other researchers.  As can be seen, the set of 
Kihara parameters determined in this work are more linear than the other sets, as 
suggested by the work of Tee et al. (1966).  It should be noted that the set by Erickson 
and Avlonitis are for sI and sII hydrate formers, the set by Mehta and Sloan are for sH 
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Figure 6.15 Linear trend of Kihara potential parameter ε/k versus a 
 
The importance of the linear trends in Figures 6.14 and 6.15 is that, with it, it may be 
possible to predict a priori the Kihara potential parameters.  This could be especially 
important for sH hydrate formers that may be present in natural gas pipelines. 
Note that the Kihara potential parameters for the hydrate phase are mixture 
parameters between the guest and water.  Potential parameters are typically given for a 
pure component, allowing for proper mixing rules to be applied for mixtures.  However, 
since the only interactions assumed for an encaged guest molecule are between that 
molecule and the water molecules surrounding it, the mixture potential parameters are 
typically reported.  This is done for two reasons: 1. the potential parameters for water in 
the hydrate are not known and 2. there are several types of water molecules in the 




surrounding a hydrate cage are somewhat stationary compared to a fluid environment.  
However, the second reason is not, so a more detailed discussion of the second will be 
given.  
 As described in Chapter 4, the position of the water molecules around the cage are 
not all the same, leaving a non-spherical hydrate cage.  Therefore, the angles at which the 
hydrogen atoms are bonded to the oxygen atoms are different.  This difference in 
hydrogen position relative to the oxygen will result in different properties of the water 
molecule, and therefore the potential parameters.  For this reason, each water molecule in 
a hydrate cage should have different potential parameters.  Note that this will be even 
truer for water molecules in other cages.  Since the interactions between the encaged 
molecules and the water molecules should be different depending on the water molecule, 
the Kihara potential parameters should also be different.  That is, a set of mixture Kihara 
parameters should be regressed for each water molecule in the hydrate lattice, or at least 
for each type of hydrate cage.  Note that the current approach is to lump all of this into 
one set of Kihara potential parameters.  However, due to the lack of data and the fact that 
the current approach predicts the experimental data within reason, the current approach is 






CHAPTER 7 -  HYDRATE OPTIMIZATION RESULTS 
 
 This chapter gives a quantitative discussion for the results of the hydrate 
parameter optimization.  A comparison of predictions from CSMGem, the program 
developed in this work, and four other commercial hydrate prediction programs is given 
for all hydrate data reported in literature.  The four commercial programs compared in 
this work are:  
CSMHYD - Colorado School of Mines (1998 version), 
DBRHydrate - DBRobinson Software Inc. (version 5.0), 
Multiflash - Infochem Computer Services Ltd. (version 3.0), and 
PVTsim - Calsep A/S (version 11). 
 
The comparisons are broken into two categories: hydrate phase properties and hydrate 
formation temperatures and pressures. 
 
7.1 Hydrate Phase Properties 
 What follows is a series of tables showing comparisons of experimental hydrate 
properties with predictions from several hydrate programs.  Note that the results of the 
volume regression are given in Chapter 6, and therefore are not discussed here. 
7.1.1 Fractional Occupancy Ratios 
Table 7.1 shows the cage occupancy ratios (fraction of the large cages occupied 
by the guest divided by the fraction of the small cages occupied) for methane, hydrogen 






Table 7.1 Comparison of experimental and predicted cage occupancy ratios at 
273.15 K and the equilibrium pressure 
 
Hydrate θL/θS (Data) CSMGem CSMHYD 
1.156 (e) 
1.053 (c) 1.146 1.118 Methane 
1.092 (f) 1.116 1.064 
Hydrogen Sulfide 1.000 (d) 1.013 1.071 
Carbon Dioxide 8.333 (a) 1.908 1.347 
1.429 (c) 
1.493 (d) Xenon 
1.299 (b) 
1.414 1.233 
a - Davidson 1984  
b - Ripmeester and Davidson 1981  
c - Tse and Davidson 1982  
d - Cady 1983  
e - Subramanian, 2000  
f - Ripmeester and Ratcliffe 1988 (T = 233.15 K)  
 
Note that CSMGem and CSMHYD are the only hydrate programs that report the cage 
occupancies and are therefore the only program predictions to compare with data.  Both 
programs give similar results for methane and hydrogen sulfide hydrates.  However, for 
xenon hydrates, CSMHYD under predicts the data.  For the carbon dioxide hydrate data, 
both programs under predict the reported experimental value.   
 The fractional occupancy ratio of methane hydrate has been extensively studied at 
temperatures other than 273.15 K.  Sum (1997), Subramanian (2000), Jager (2001), and 
Kini (2002) have reported the fractional occupancy at several temperatures and pressures 
along the three-phase equilibrium line.  Figure 7.1 shows the predictions of CSMGem 


































Figure 7.1 Predictions of fractional occupancy ratio for sI methane hydrates 
 
Note that the prediction by CSMGem does fairly well in reproducing the trend of the data 
by Subramanian and Jager.  However, the data by Kini suggests a much larger occupancy 
ratio at low pressures and the data by Sum et al. suggest a completely different trend 
(increasing ratio with increasing pressure).  It is unclear which sets of data, if any, are 
correct.  It should be noted, however, that the data by Kini was taken using NMR 
spectroscopy whereas the other data sets were taken using Raman spectroscopy. 
 Assuming that the data by Jager is correct, CSMGem under predicts the pressure 
dependence of the data.  That is, the data suggest that the ratio tends to unity fairly 
rapidly in pressure whereas the predictions do not.  This may be an area in which the 




pressures in which the hydrate forms below the ice point.  The data of Kini confirm this 
prediction. 
7.1.2 Hydration Number 
The hydration number is the number of water molecules in the hydrate per guest 
molecule.  Table 7.2 is a comparison of the experimental values for the hydration number 
for sI and sII hydrates at 273.15 K.  All four hydrate programs predict the hydration 
number for methane, ethane, propane, and i-butane hydrates within reason.  However, 
CSMGem, Multiflash, and CSMHYD all predict the hydration number for hydrogen 
sulfide within reason but PVTsim predicts a much larger value.  This is because PVTsim 
predicts hydrogen sulfide to form sII hydrates (which has less large cages to 
accommodate the hydrogen sulfide molecule) whereas the other hydrate programs predict 
hydrogen sulfide to form sI hydrates.  The experimental data for the hydration number 
suggest that hydrogen sulfide forms sI hydrates.  CSMGem predicts the xenon hydration 
number well, but CSMHYD under predicts the experimental value.  Note that Multiflash 
and PVTsim do not contain xenon as a component so predictions could not be made.  
Also note that DBRHydrate does not report the overall composition of the hydrate so that 













Table 7.2 Comparison of experimental and predicted hydration numbers at 
273.15 K 
 








6.300 6.073 6.100 6.046 
7.67 (c) 
7.00 (f) 
8.25 (g) Ethane 
8.24 (h) 
7.939 7.775 7.767 7.774 
17.0 (a,c) 
5.7 (i) 
17.95 (g) Propane 
18.0 (j) 
17.02 17.02 17.01 17.02 
17.0 (c) 
17.1 (b) i-Butane 
17.5 (k) 
17.01 17.02 17.01 17.02 
H2S 6.12 (a) 6.241 (sI) 6.027 (sI) 6.106 (sI) 6.632 (sII) 
6.48 (a) Xenon 6.29 (b) 6.529 6.181 NA NA 
a - Cady 1983 g - Frost and Deaton 1946 
b - Uchida and Hayano 1964 h - Galloway et al. 1970 
c - Handa 1986 i - Miller and Strong 1946 
d - Glew 1962 j - Knox et al. 1961 
e - de Roo et al. 1983 k - Rouher and Barduhn 1969 
f - Roberts et al. 1941    
 
In order to get hydration number, hydrates must be formed and then dissociated.  
Due to the highly metastable nature of forming hydrates (i.e. disordered system ! 
ordered system), typically the pressure is increased above the equilibrium pressure (Peq) 
until hydrates form.  At that point, the hydrates are dissociated at T and Peq.  Figure 7.2 






















Figure 7.2 Hydrate formation process for single hydrate 
 
Thermodynamics dictates that, for a binary system of a hydrate former and water, 
hydrates must form at the three-phase equilibrium line Aq-H-V.  Since the pressure of the 
system equilibrates much faster than the temperature, it follows that, at a given 
experimental pressure in Figure 7.2 (Pexp), the hydrate must form at the equilibrium 
temperature (Teq) at that pressure (Freer 2001).  Due to heat transfer effects, however, the 
hydrate may form at the Pexp and some temperature between Teq and Texp.  Therefore, the 
hydrate formed is not at Texp and Peq, but rather at Pexp and Texp < T < Teq.  Assuming that 
solid phase diffusion is negligible, the hydration number obtained by dissociating the 
hydrate will not be the true hydration number at Texp and Peq. 
 To test the hydration numbers reported in Table 7.2, Figure 7.3 is a plot of the 


























T = 273.15 K
  
Figure 7.3 Methane hydrate hydration numbers at pressures higher than 
equilibrium (26 bar) at T = 273.15 K 
 
Two curves are given: the solid line is the predicted hydration number at pressures and 
temperatures along the three-phase equilibrium line and the dashed line is the predicted 
hydration number at 273.15 K and pressures higher than Peq.  From the above argument, 
the true hydration number should be somewhere between these lines.  If this hypothesis is 
true, the reported experimental hydration numbers are lower than the true values.  This 
would give indication as to why there is such large deviation within the groups of 
experimental values of hydration number at 273.15 K.  That is, each experimenter may 
have formed the hydrates at different pressures.  It would also be an explanation as to 




7.1.3 Structural Transitions 
Another crucial piece of hydrate data is the structural transition composition.  
Hydrate structural transition data gives the composition, temperature, and pressure at 
which a two hydrates are present at the formation conditions.  Table 7.3 is a comparison 
of the experimental values for the structural transition compositions of the methane+ 
ethane+water system at 274.15 K. 
 
Table 7.3 Comparison of experimental and predicted structural transition 
composition at 274.15 K for the methane+ethane+water system 
 
Data CSMGem Multiflash PVTsim 
0.736 ± 0.014 (a) 0.722 0.600 0.668 
0.993 ± 0.006 (b) 0.994 0.994 0.992 
a - Subramanian et al. 2000a  
b - Subramanian et al. 2000b  
 
Note that Multiflash and PVTsim both under predict the lower composition whereas 
CSMGem predicts the value within experimental error.  The upper composition is 
predicted well by all three programs.  This is important to note since it could have 
applications for natural hydrates in the permafrost and deep-sea sediments.  It also should 
be noted that both CSMHYD and DBRHydrate predict that the methane+ethane+water 
system will not form sII hydrates along the entire composition extremes. 
 
7.2 Hydrate Formation Temperatures and Pressures 
The most common type of hydrate data taken is the formation temperatures and 
pressures.  This type of data is most important to natural gas pipeline situations.  We have 
compiled a list of all experimental data of this type and compared it with predictions from 
CSMGem, CSMHYD, DBRHydrate, Multiflash, and PVTsim.  It should be noted that 
DBRHydrate has a prediction limit to pressures below 680 bar and so comparisons could 




What follows is a series of tables giving the average errors in temperature for 
several types of hydrates based on the following categories: 
 7.2.1  single hydrates, 
 7.2.2  binary hydrates, 
 7.2.3  ternary hydrates, 
 7.2.4  multi-component hydrates (natural gas hydrates),  
 7.2.5  hydrates in black oils and gas condensates, 
7.2.6 sH hydrates, and 
7.2.7 groupings of all hydrates. 
 
The results are given as the average error either in temperature or pressure.  The average 










and is given as a number (in Kelvin).  The temperature and pressure ranges for all results 
are reported in K and bar, respectively.  At the end of each sub-section, an analysis is 
given, discussing major differences in the models.  A more complete listing of the results 
can be found in Appendix D. 
7.2.1 Hydrate Formation Conditions for Single Hydrates 
The most common hydrate studied is the single hydrate (i.e. methane hydrate).  
This is because hydrate model parameters are typically regressed to simple hydrates 
(single and binary) and then extrapolated to more complicated hydrates (multi-
component).  Figures 7.4 through 7.13 show the average temperature error, broken into 
several different ranges of pressure along the three-phase equilibrium line, for each single 
hydrate included in this work.  The ranges of the temperatures and pressures are given at 
the bottom of the figures.  Also reported at the top of the figures is the three-phase 







































273 < T < 286
26 < P < 100
286 < T < 306
100 < P < 1000
306 < T < 321





Ice-H-V Aq-H-V Aq-H-V Aq-H-V
 




































273 < T < 292
5.3 < P < 100
292 < T < 304
100 < P < 1000
304 < T < 328













Ice-H-V Aq-H-V Aq-H-V Aq-H-V
 





































273 < T < 288
5 < P < 33
288 < T < 288.5
33 < P < 100
288.5 < T < 299





299 < T < 304
1000 < P < 5000
Ice-H-V Aq-H-V Aq-H-Lhc Aq-H-Lhc Aq-H-Lhc
 































273 < T < 274.3
4.6 < P < 6.1
274.3 < T < 274.9











































273 < T < 278
1.5 < P < 5.4
278 < T < 278
5.4 < P < 170
Aq-H-V Aq-H-Lhc
 



































275 < T < 276
2 < P < 150
273 < T < 275










































272 < T < 291
158 < P < 1000
291 < T < 307







































283 < T < 301
3 < P < 21
303 < T < 306
100 < P < 400
N
A
301 < T < 303
21 < P < 100
Ice-H-V Aq-H-V Aq-H-Lhc Aq-H-Lhc
 





































272 < T < 283
10.5 < P < 45
289 < T < 292
1000 < P < 5000
N
A
283 < T < 283
45 < P < 100
283 < T < 289
100 < P < 1000
N
A
Ice-H-V Aq-H-V Aq-H-Lhc Aq-H-Lhc Aq-H-Lhc
 

































273 < T < 291
1 < P < 10
323 < T < 344
1000 < P < 3800
N
A
292 < T < 311
10 < P < 100
311 < T < 323





























In this study, it was found that the most reliable type of experimental data is the data 
along the Aq-H-V equilibrium line.  Data along the Ice-H-V and Aq-H-Lhc equilibrium 
lines tended to be much more scattered and not consistent among different experimenters.  
This may be due to the hydrate not being in equilibrium and could account for much of 
the large errors seen in the above figures.  Figures 7.14 and 7.15 show the average 



















































































Figure 7.15 Hydrate formation T error along the Aq-H-V line for sII hydrates 
 
CSMGem is quite comparable to the other hydrate programs and considerably better for 
most systems at pressure greater than 1000 bar. 
The most notable difference between CSMGem the other hydrate programs is in 
the methane and carbon dioxide single hydrates.  As shown in Figures 7.16 and 7.17, the 
methane+water and carbon dioxide+water pressure versus temperature phase diagrams, 
the experimental data suggest a maximum temperature at which hydrates form.  This 
temperature is approximately 321 K and 294 K for methane hydrates and carbon dioxide 
hydrates, respectively.  This phenomenon is called retrograde behavior, in which hydrates 
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Nakano et al., 1999






















Deaton and Frost, 1946
Unruh and Katz, 1949
Larson, 1955
Takenouchi and Kennedy, 1965
Miller and Smythe, 1970
Robinson and Mehta, 1971
Vlahakis et al., 1972
Falabella, 1975
Ng and Robinson, 1985
Adisasmito et al., 1991
Nakano et al., 1998












To keep the figures easy to read, predictions from DBRHydrate, PVTsim, and CSMHYD 
are not given, however predictions from these programs are similar to those of 
Multiflash.  Note that the CSMGem predictions give the same trend as the data whereas 
the Multiflash predictions do not.  The differences in the trends of the predictions 
between CSMGem and the other programs is due to the treatment of the hydrate volume 
as a function of temperature and pressure.  As the pressure is increased, the hydrate 
volume compresses, therefore reducing the size of the hydrate cages.  At some 
temperature and pressure (as determined by the data), the small cages become so small 
that the guest molecule can no longer fit into them to stabilize the hydrate. 
 Another interesting difference between the models is in the nitrogen+water 
system.  CSMGem predicts a structural transition between sI and sII hydrates at 
approximately 280.2 K and 334.8 bar, as shown in Figure 7.18.  CSMHYD predicts sII 
hydrate for the entire three-phase equilibrium line for nitrogen hydrates, whereas 
Multiflash and PVTsim predict sI hydrates.  The structure of nitrogen hydrates has been a 
question that has never been completely answered.  Kuhs et al. (1996) have done several 
neutron diffraction measurement on nitrogen hydrates at 273.15 K and many pressures up 
to 2500 bar.  However, they found both sI and sII hydrates of nitrogen present at these 
conditions.  The predictions from CSMGem support their observations that both 
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Figure 7.18 P versus T phase diagram for nitrogen+water system 
 
Since we know that nitrogen doubly occupies the large cages of sI and sII hydrates, and 
we do not account for it, the fact that CSMGem under predicts the hydrate formation 
temperature at high pressures is not of much concern in this work. 
 Another noteworthy prediction is that of xenon+water hydrates.  The work by 
Dyadin et al. (1997) suggests that xenon hydrates exhibit retrograde behavior at high 
pressure.  Experimental three-phase equilibrium data for xenon hydrates do not go 
beyond 3800 bar in pressure.  However, as shown in Figure 7.19, CSMGem predicts that 
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Figure 7.19 P versus T phase diagram for xenon+water system 
 
As can be seen in Figure 7.19, the hydrate formation data are modeled very well at all 
pressures and temperatures for xenon hydrates.  Since xenon is a spherical molecule, the 
hydrate model should be able to model xenon hydrates especially well.  This is because 
of the inherent assumption of a spherical guest molecule in the Kihara spherical core 
potential model.  The favorable predictions of the xenon+water system at all conditions 
gives validity to the CSMGem hydrate model.  However, it may give reason for further 
refinement to the treatment of non-spherical guest molecules in the potential model. 
7.2.2 Hydrate Formation Conditions for Binary Hydrates 
The second most common hydrate studied is the binary guest hydrate (i.e. 
methane+ethane hydrate).  This is because single hydrates alone cannot determine the 
hydrate model parameters that need to be regressed.  Interactions between the hydrate 




model in order to extrapolate predictions to more complicated hydrates (multi-
component).  Figures 7.20 through 7.23 show the average temperature error for several 
binary hydrates.  The x-axis is the primary hydrate former and each category is the 
second hydrate component.  It should be noted that only experimental hydrate data along 
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Figure 7.23 Hydrate formation T error for binary hydrates with butanes 
 
Figures 7.20 to 7.23 give only the average temperature error for all reported data of these 
binary hydrates.  It should be noted that the error analysis given in the figures can be 
misleading for some systems.  For instance, in the propane+n-butane binary hydrate, 
shown in Figure 7.22, CSMHYD could only predict 8 of 54 data points.  For these 8 data 
points, the error is small.  However, most of the error in this system comes from other 
data points.  A similar example can be made for the ethane+propane system shown in 
Figure 7.21.  Therefore, a complete listing of the number of data points and the number 
of predicted points for each program is given in Appendix D as well. 
There have been little experimental data for binary systems at pressures greater 
than 100 bar (less than 1 percent) and no data have been taken at pressures greater than 
1000 bar.  Therefore, a determination of whether the CSMGem volume model correctly 




Figures 7.20 to 7.23, CSMGem compares favorably with the other hydrate programs for 
most systems. 
The most notable difference between CSMGem and all other hydrate programs is 
found in the methane+benzene hydrate.  Benzene is a very large molecule and therefore 
cannot form sII hydrates without the presence of a help molecule such as methane.  
Figure 7.24 shows the pressure versus temperature phase diagram for this system.  Note 
that the overall composition of the system is not needed since the four-phase equilibrium 





















Figure 7.24 P versus T phase diagram for methane+benzene+water system 
 
CSMGem straddles the experimental data and predicts the correct trend (or slope) while 
Multiflash does not.  We believe this is due to proper treatment of large guest molecules 
in the hydrate lattice (via the volume model and hydrate cage description).  Note that 




therefore, only predictions from these two programs are given in the figure.  DBRHydrate 
and PVTsim predict that sI hydrates are the most stable, and therefore, these programs 
have large errors in the predicted formation temperature. 
 An interesting prediction to be noted is that of the methane+n-butane hydrates.  
Predictions show that there are several structural transitions: sII hydrates at low pressure 














Deaton and Frost, 1946







Figure 7.25 P versus T phase diagram for methane(0.974)+n-butane(0.026) 
+water(excess) system 
 
The hydrate formation predictions from CSMGem match the data by Deaton and Frost 
(1946) and McLeod and Campbell (1961) well.  Note that the high pressure (> 120 bar) 
data McLeod and Campbell are predicted to be sI hydrates.  This is interesting because 
hydrates of methane and n-butane are usually considered to be sII.  Also note the large 




predictions such as this one that show the benefits of using the Gibbs energy 
minimization technique to predict at pressures above the hydrate formation conditions. 
7.2.3 Hydrate Formation Conditions for Ternary Hydrates 
Hydrate formation data for ternary hydrates is the first type of data in which a 
check on the extrapolation from the regression of pure and binary hydrates can be made.  
However, very few ternary hydrate data have been taken.  What follows is a comparison 






























0.008 < xCH4 < 0.01 0.17 < xCH4 < 0.50
3.5 3.6 3.1 3.5 3.3
 
Figure 7.26 Hydrate formation T error for ternary hydrates of methane+ethane+ 
propane 
 
The methane+ethane+propane+water hydrate data is of most importance due to the high 
contents of these components in a typical natural gas.  Note that all programs predict the 




methane, all programs have large error.  The data at low concentrations of methane were 
taken by Deaton and Frost (1946) and Hammerschmidt (1934) while the data at higher 
concentrations were taken by Holder (1976).  It is unlikely that all programs describe the 
methane+ethane+propane+water system incorrectly.  Therefore, the large discrepancy 
between the predictions and the data may be due to experimental procedure of Holder. 
 One other set of ternary hydrate data has been reported.  Figure 7.27 shows the 
error analysis for ternary hydrates of methane+carbon dioxide+hydrogen sulfide, broken 






























0.68 < xCH4 < 0.70 0.70 < xCH4 < 0.80 0.80 < xCH4 < 0.84
 
Figure 7.27 Hydrate formation T error for ternary hydrates of methane+carbon 
dioxide+hydrogen sulfide (all data by Robinson and Hutton, 1967) 
 
All programs under predict the reported hydrate formation temperatures.  Note the large 
error for system with high methane content.  Since only one researcher has reported data 




7.2.4 Hydrate Formation Conditions for Multi-Component Hydrates 
Hydrate formation data for natural gases is probably the most important type of 
data from an industrial perspective.  It is also important for the purpose of validating the 
hydrate model.  However, very few data have been taken for hydrates of natural gases.  
Therefore, it is difficult to determine the accuracy of hydrate programs for real 
systems.   
Deaton and Frost (1946) have determined hydrate formation points for several 
natural gas hydrates, however, they did not report the butane analysis for each gas 
mixture (i.e. separate compositions of i-butane and n-butane).  Because of this, we 
performed a sensitivity analysis to determine the affect of the composition of i- and n-
butane on hydrate stability.  Figure 7.28 is a pressure versus temperature phase diagram 

























Figure 7.28 Pressure versus temperature phase diagram for a natural gas hydrate 





Note that, in the report of the gas composition, the individual butane amounts were not 
specified.  Two cases were studied: 1. assuming the entire butane amount was i-butane 
(dashed line) and 2. assuming the entire butane amount was n-butane (solid line).  As 
seen in Figure 7.28, the hydrate formation temperatures and pressures are very sensitive 
to the relative amount of butanes in the natural gas mixture.  In fact, the difference in 
predicted hydrate formation pressure for both cases ranged from 15-50% (1.0-4.0 K in 
predicted temperature) depending on the overall gas composition and relative amount of 
butanes.  Therefore, the Deaton and Frost data could not be used to compare the different 
hydrate program predictions.   
A complete listing of all researchers reporting hydrate formation points for natural 
gases is given in Table 7.4. 
 
Table 7.4 Complete listing of natural gas hydrate formation data 
Researcher Number of Gases Data Points Year 
Wilcox et al. 3 36 1941 
Deaton and Frost 11 90 1946 
Kobayashi et al. 2 10 1951 
McLeod and Campbell 1 7 1961 
Lapin and Cinnamon 3 3 1969 
Adisasmito and Sloan 5 20 1992 
Bishnoi and Dholabhai 1 3 1999 
Jager 1 17 2001 
 27 186  
 
Unfortunately, the number of data points measured by Deaton and Frost comprise almost 
50 percent of the total amount of data for natural gas hydrates in the past 60 years.  
Figures 7.29 through 7.33 give the errors for multi-component hydrate formation 
temperatures for the natural gas hydrate data reported in Table 7.4, with the exception of 
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       (7 data points)
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Figure 7.33 Hydrate formation T error for 3 natural gases 
 
All programs give comparable error for the majority of natural gas hydrates.  By 
considering the errors associated with each hydrate program, it is a possible conclusion 
that the data by Kobayashi et al. (1951) is in error.   
It is interesting to note the large amounts of error between the predictions and data 
for the majority of the systems, especially when compared with pure and binary hydrates.  
Work by Bollavaram (2002) suggests that the kinetics of hydrate dissociation are slower 
for sII hydrates than for sI.  Other work at the Colorado School of Mines (Sloan, 2002) 
shows that the isobaric heating rate at which the hydrate is dissociated may have a 
significant effect on the experimental hydrate formation conditions.  If care was not taken 
in the experimental procedures, the data for natural gas hydrate formation may be in 
error.  This may account for some of the large errors seen in Figures 7.29 to 7.33. 
It should be noted that the data by McLeod and Campbell (1961) and Jager (2001) 




pressure can be compared to the prediction programs.  Figure 7.34 is a pressure versus 

























Figure 7.34 P versus T phase diagram for natural gas of McLeod and Campbell 
(1961) 
 
The high pressure trend of the predictions by DBRHydrate is incorrect relative to the 
experimental data while that of CSMGem is consistent with the data.  This is an 
indication of the correct high pressure treatment of the hydrate phase via the volume 
model.  It should be noted that, while predictions from the other programs are not shown 
in Figure 7.34, CSMHYD gives a similar trend to that of DBRHydrate while the PVTsim 
and Multiflash predictions give a similar trend to that of CSMGem. 
An interesting anomaly associated with the processed natural gas hydrate data by 
Jager (2001) is that, at high pressure, the equilibrium hydrate changes from sII to sI.  This 




methane+i-butane+water.  However, it has not been observed for a natural gas.  Figure 






































Figure 7.35 P versus T phase diagram for natural gas of Jager (2001) 
 
While all programs predict the structural transition to occur, the high pressure behavior of 
CSMHYD and DBRHydrate, shown in Figure 7.35 as the long- and short-dashed lines, 
respectively, are inconsistent with the experimental data.  Again, this is indicative of the 
correct high pressure treatment of the hydrate phase by CSMGem.  Predictions by 
PVTsim and Multiflash are similar to those of CSMGem. 
One of the major conclusions made after reviewing the available natural gas 
hydrate data in the literature is that there is not enough to make a complete comparison 
between the different hydrate programs.  The majority of the available data is not relevant 
for natural gas pipeline flow assurance.  The Deaton and Frost data cannot be used 




because of the high carbon dioxide content, and the Jager data cannot be used because it 
is for a processed natural gas.  This leaves only 59 (out of 189) data points for 10 (out of 
27) natural gases to make the comparisons.  Because of this, more data for relevant 
natural gases is needed. 
7.2.5 Hydrate Formation Conditions for Hydrates in Black Oils and Gas Condensates 
The most stringent test for a hydrate program is to compare predictions with 
experimental hydrate data in black oils and gas condensates.  These types of predictions 
are more of a test on the hydrocarbon equation of state than the hydrate model because of 
the complex hydrocarbon mixtures involved.  Figure 7.36 gives comparisons of the 














































The models perform sufficiently for the black oil but there is substantial error in the gas 
condensate system.  An interesting note is that the predictions suggest a structural 
transition from sII to sI for the gas condensate hydrates.  Figure 7.37 is the pressure 

























Figure 7.37 P versus T phase diagram for gas condensate #1a-a (Notz, 2001) 
 
The structural transition pressures are predicted to occur at 340 bar (CSMGem), 120 bar 
(DBRHydrate), 290 bar (PVTsim), and 260 bar (Multiflash) for each prediction program.  
Note that predictions from DBRHydrate and CSMGem are essentially identical in the sII 
region (low P) while predictions from PVTsim and CSMGem are essentially identical in 
the sI region (high P).  Predictions from Multiflash are not shown but are similar to those 
of CSMGem.  Note that DBRHydrate straddles the data, which leads to a small overall 
error, but incorrectly models the trend.  This is another indication of how the bar charts 




7.2.6 Hydrate Formation Conditions for sH Hydrates 
A less common hydrate in natural gas systems is sH hydrate.  sH hydrate forms 
when a large molecule such as i-pentane is in the presence of a help molecule such as 
methane.  To be complete, we give a comparison of the hydrate programs for all sH 
hydrate data, with methane as a help molecule, in the literature.  Figure 7.38 shows the 
results.  All data is for methane as the help molecule while the large molecules are listed 




































































































































































































Figure 7.38 Hydrate formation T error for sH hydrates (continued) 
 
All programs do a relatively good job in predicting sH hydrate formation.  Note that 
DBRHydrate does not have the capability to predict sH hydrates and therefore cannot be 
compared with the other programs. 
An interesting thing to note is that we had to be careful in determining which data 
to optimize parameters to.  Figure 7.39 is the pressure versus temperature phase diagram 
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Figure 7.39 P versus T phase diagram for methane+2,2-dimethylpentane hydrate 
 
The data by Mehta and Sloan and Østergaard et al. are quite different than that of Thomas 
and Behar.  Because of this, we predicted the metastable sI hydrate prediction (long-
dashed line) for this system and concluded that the data by Thomas and Behar is the true 
sH hydrate.  Therefore, these are the data we used in the optimization.  In systems such as 
this, it would be ideal if spectroscopic measurements of the hydrate phase were made to 
definitively determine the correct sH hydrate equilibrium conditions. 
7.2.7 Hydrate Formation Conditions for all Hydrates 
In this section, we present the average temperature and pressure errors for the 
hydrates of Sections 7.2.1 to 7.2.6 as well as the errors for all hydrates.  Figures 7.40 and 





































































































Note that the pressure error is given as 
( )predicted experimental









where the units of pressure are arbitrary.  The average error in temperature and pressure 
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Figure 7.42 Hydrate formation T and P errors for all hydrates (1685 pts) 
 
CSMGem compares quite well with the other programs.  However, to be complete, we 
list the average absolute errors in temperature and pressure.  In this case, the absolute 
value of the error is taken for each data point, and an average is taken.  This ensures that 
the small errors for CSMGem, shown in Figures 7.40 through 7.42, are not due to 
cancellation of errors.  Figures 7.43 through 7.45 show the average absolute errors for the 
















































































































































































T Error P Error
 
Figure 7.45 Hydrate formation T and P errors (absolute) for all hydrates (1685 pts) 
 
All programs give large error for the ternary, black oil (BO), and gas condensate (GC) 
hydrates.  This is most likely due to error in the data for the ternary hydrates.  However, 
for the BO and GC hydrates, the error is most likely in the characterization of the heavy 
hydrocarbon components. 
There is certainly cancellation of errors for all programs given the larger absolute 
errors in Figures 7.43 to 7.45.  However, CSMGem gives the smallest prediction errors 
for nearly every type of hydrate (both relative and absolute). 
 
7.3 A Note on the Comparison of CSMGem with Commercial Programs 
 After all is said and done, CSMGem compares relatively well with other hydrate 




program from this laboratory (CSMHYD).  It also is an improvement over the 
DBRHydrate program, especially at high pressure. 
 Although the companies that sell DBRHydrate, Multiflash, and PVTsim will not 
reveal the models they use for the hydrate phase, it appears as if DBRHydrate uses the 
van der Waals and Platteeuw model with no high pressure modifications.  Since the 
Multiflash and PVTsim programs give comparable predictions to CSMGem at high 
pressures, they may be using some modification to the van der Waals and Platteeuw 
model. 
 CSMGem not only predicts the hydrate formation temperature and pressures well, 
but it also predicts the properties of the hydrate within reason.  The lower structural 
transition composition reported by Subramanian et al. is matched well, while Multiflash 
and PVTsim under predict the composition by 10 and 6 mole percent, respectively, and 




CHAPTER 8 -  DEVELOPMENT OF THE CSMGEM 
PROGRAM 
 
 The objective of this work was to create a user-friendly program that could easily 
be used by a person with little knowledge of gas hydrates.  The program needed to have 
the appearance of a simple program but have the capability to perform many different 
types of calculations.  We did not want to bog down the user with all kinds of buttons 
and options.  Therefore, we sat down with the funding companies on several occasions to 
ensure that the program included only the necessary options. 
The Gibbs energy minimization program was written in Visual Fortran code for 
optimal speed of the calculations.  However, it was necessary to package the Gibbs 
energy minimization program with a Windows interface so that the companies funding 
this work could easily use it.  This chapter describes the integration of the Fortran code 
into a Visual Basic interface.  The final program was named CSMGem. 
 
8.1 Layout of CSMGem 
The layout of CSMGem was a minor but very important step.  We had available 
to us four industrial based hydrate prediction programs: CSMHYD (Colorado School of 
Mines), PVTsim (Calsep), Multiflash (Infochem), and DBRHydrate (DBRobinson Ltd.).  
Having worked with these programs during the course of this work, we determined the 
advantages and disadvantages of each.  We also polled the funding companies to get the 
industrial consensus of the advantages and disadvantages of each program.  The layout of 





Figure 8.1 Layout of the CSMGem program 
 
The front end consists of three parts: the calculation explorer (left pane), the calculation 
window (middle pane), and the output window (right pane).  The layout was based on a 
left to right, top to bottom scheme to make it as simple as possible to use. 
 The problem is set up by selecting the desired units, components, and feed 
composition (top three buttons in calculation explorer).  Calculations are performed by 
selecting the desired calculation button (bottom four buttons in calculation explorer) and 
inputting the required parameters in the calculation window.  All results are given in the 
output window.  A more complete discussion of the layout of CSMGem is given in the 
Users Guide located on the accompanying CD-ROM. 
 
8.2 Interlacing Visual Basic and Visual Fortran 
In the first stages of this work, Visual Fortran was used to create the Gibbs energy 




user interface (GUI) for ease of use.  Since the GUI capabilities of Visual Fortran are 
quite limited, Visual Basic was used to develop the GUI.  The Visual Fortran program 
was then converted to a dynamic link library (.dll) so that the GUI could access it.  The 
parameters needed for the .dll file to perform a calculation are: 
• calculation, 
• T and/or P, 
• feed components, 
• feed composition, 
• feed component SRK parameters (Tc, Pc, Vc, ω, MW, and kij), 
• petroleum fraction properties (Tb, SG, MW), and 
• phases to account for (specified phase and fraction if needed). 
 
Therefore, these parameters are determined in the GUI prior to calling the .dll file.  Note 
that default SRK parameters are used in the program (given in Appendix E).  However, 
the user has the option to change them if desired.  The first 6 sets of parameters are 
known from the users input.  However, the last set, the phases to account for in the 
calculation, is more detailed to determine and will be discussed later in this appendix. 
 
8.3 Calculations to Perform 
 The main objective was to create a program that could calculate hydrate phase 
equilibria.  These types of calculations included: the hydrate formation T and P of the 
most stable hydrate and phases present in equilibrium with hydrates at a given T and P 
above the hydrate formation conditions.  However, we decided to make CSMGem a more 
versatile phase equilibria program and go beyond only the hydrate calculations. 
 The Gibbs energy minimization method allows for calculations of the formation 
conditions for any phase (including the hydrate).  It also allows for the calculation of 
phases present at any T and P (whether hydrates are present or not).  Therefore, we 
included the option to perform all thermodynamic calculations with every phase and not 




1. hydrate formation temperature and pressure, 
2. formation temperature and pressure of a given phase, 
3. flash at a given temperature and pressure, 
4. expansion through a valve or turboexpander, and 
5. plotting capability. 
 
Each of these calculations is treated differently within the Visual Basic and Fortran code.  
The rest of this chapter will discuss the steps taken to perform each calculation. 
 
8.4 Initial Phase Selection 
 As discussed previously, the GEM algorithm allows for any phase to be included 
in a thermodynamic calculation.  However, as with any iterative convergence scheme, the 
time in which it takes to find a solution depends highly on the number of variables 
accounted for.  Therefore, to ensure speedy convergence, CSMGem only accounts for 
phases that could possibly form.  That is, if water is not present in the feed, it does not 
account for the aqueous and ice phases, since those phases require water to form.  This 
initial selection is based on whether key components for a given phase are present.  The 
key component is a component that must be present in the feed in order for the phase to 
form.  Table 8.1 lists the key components for all phases in this work. 
 
Table 8.1 Listing of key components needed for a phase to form 
Phase Name Key Components 
Vapor V all components but NaCl, KCl, and CaCl2 
Liquid Hydrocarbon Lhc hydrocarbons and alcohols 
Aqueous Aq water 
Ice I water 
sI Hydrate sI water and hydrate former 
sII Hydrate sII water and hydrate former 
sH Hydrate sH water and sH hydrate former 
Solid NaCl Salt NaCl NaCl 
Solid KCl Salt KCl KCl 




For example, for an ethane+water mixture, the following phases would be included in the 
calculation: V, Lhc, Aq, I, sI, and sII.  Before the Visual Basic front-end sends the feed 
information to the Visual Fortran library, the initial phase selection is made to ensure that 
all phases included can possibly form.  Note that the user also has the option to turn off 
any phase.  For example, if the user does not want to include hydrates in a flash, she may 
deselect the hydrate phases in another menu. 
 
8.5 Hydrate Formation Calculations 
 The hydrate formation calculation is one of the most important types of 
calculations for industrial use.  When planning flow assurance strategies for a natural gas 
pipeline, the injection rate of hydrate inhibitor is based on aqueous concentrations to 
maintain the system outside the hydrate formation region.  In performing this calculation, 
the temperature or pressure is specified and the pressure or temperature at which a 
hydrate phase first forms (i.e. αH = 0) is calculated.  It should be noted that this type of 
calculation is iterative in that there is no thermodynamic expression to explicitly 
determine the most stable hydrate structure. 
The most common way to solve this problem is to use the method developed by 
Parrish and Prausnitz (1972), in which the hydrate formation temperature or pressure is 
determined for each hydrate.  The hydrate with the highest formation T or lowest 
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Figure 8.2 P versus T phase diagram showing metastable hydrate pressures 
 
At 278 K, the most stable hydrate is the one with the lowest pressure of formation (i.e. sI 
hydrate at 13 bar has the lowest Gibbs energy).  Although the sII and sH hydrates are 
metastable, we are only concerned with sI hydrate, the first hydrate to form.  This method 
has been used for over 30 years and is still used by CSMHYD and DBRHydrate.  This 
method is different than the Gibbs energy minimization method in that the hydrate phase 
is not included in the flash routine. 
To find the hydrate formation T or P using the GEM, the phase fraction of a given 
hydrate is set to zero, the P or T is set, and a T-α or P-α flash is performed.  For example, 
if the hydrate formation T is desired for sI hydrates, the T and αsI = 0 are specified and a 
P-α flash is performed.  However, using this approach only gives the formation of sI 
hydrates and therefore, the same procedure is done for sII and sH hydrates.  As with the 
Parrish and Prausnitz method, the most stable hydrate is the one with the lowest pressure 




As discussed previously, hydrates introduce substantial non-ideality into the 
convergence of the GEM procedure.  This non-ideality is compounded with calculations 
involving more than one hydrate phase.  Extending the example given in the above 
paragraph, if sI is the most stable hydrate, when solving for the formation of sII and sH 
hydrates sI hydrates will be present in the calculation, possibly hindering the convergence 
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P = 13 bar
P = 44 bar
 
Figure 8.3 P versus T phase diagram showing true equilibria 
 
The hydrate formation pressure is still 13 bar for sI hydrates, however, in the true system, 
sII hydrates form at 44 bar and sH hydrates do not form at all.  Notice also at the pressure 
of sII hydrate formation, sI is present.  The calculation of sII hydrate formation in this 




in this work, we found a way around this problem by only considering one hydrate phase 
in the calculations at a time. 
The approach we took is to assume that only one hydrate phase is present in the 
system (whether metastable or not).  This is done by turning off all other hydrate 
phases.  With this approach, the GEM essentially finds the formation T or P in a similar 
manner as the Parrish and Prausnitz approach.  Also, with only one hydrate phase to 
account for, convergence is fairly rapid.  We do decrease the solution time for the most 
stable hydrate ordering the most likely hydrates that could form with a given feed gas 
mixture.  After the first hydrate formation T or P is determined, an internal check on the 
fugacity of the other hydrates is made to determine if they are more or less stable than the 
given hydrate.  If they are less stable, then the hydrate formation T or P is not determined, 
and vice versa. 
  
8.6 Expansion Calculations 
 When a gas is expanded through a valve or turboexpander, the inlet T and P and 
the outlet P is usually known.  Therefore, the problem lies in calculating the outlet T.  
This type of calculation can be performed for any number of phases in the system as long 
as the enthalpy or entropy of the phase can be determined.  The most common reason for 
performing an expansion calculation is to determine whether condensation of the liquid 
hydrocarbon phase will occur during the expansion.  Therefore, in this work, expansion 
calculations are performed only for the water-free feed.  That is, the feed without aqueous 
phase components (i.e. water, alcohols, salts).  This simplifies the calculation procedure 






 Another option available in CSMGem is to create plots of a given calculation.  In 
this work, 3 types of plots are available: two-phase VLE envelope, specified phase 
boundary, expansion.  The specified phase boundary and expansion plots are calculated 
by stepping off in pressure for a specified number of intervals. That is, the phase 
boundary is calculated at equal pressure intervals from the lower specified pressure to the 
upper specified pressure.  The solutions at the previous two pressures are used as an 
initial guess for the next pressure using a logarithmic extrapolation of the temperature 
(i.e. assuming the phase boundary is exponential in pressure). 
 The two-phase VLE envelope is calculated using the water-free feed.  The dew 
points (i.e. αLhc = 0) are calculated at given pressures, with an initial pressure of 1 bar.  
The pressure intervals are calculated using the previous solutions based on the curvature 
of the envelope.  The dew points are calculated at pressures ranging from 1 bar to the 
critical pressure of the mixture.  At that point, the bubble points (i.e. αV = 0) are 
calculated at given temperatures stepping off from the dew T at 1 bar to the critical T.  
The method of Heidemann and Khalil (1980) is used to determine the critical point of the 
mixture. 
 
8.8 Petroleum Fraction Property Correlations 
 Phase equilibria calculations with heavy hydrocarbon (crude oil) systems are 
essential for some pipelines.  Therefore, the characterization of a given crude oil based on 
boiling temperature, specific gravity, and molecular weight was implemented into 
CSMGem.  In order to include undefined heavy components (petroleum fractions) in a 
flash calculation, correlations were needed to describe these components in each phase.  
Typical oils contain greater than 100 components, and so it is often necessary to lump 




the petroleum fractions are determined one of two ways: 1) from a distillation curve and 
2) from gas chromatographic results that simulate the distillation curve. 
8.8.1 Properties from a Distillation Curve 
From a distillation curve, the boiling point temperature and specific gravity are 
determined as a function of the volume percent of the stock tank oil distilled.  Figure 8.4 
is a typical curve. 
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Figure 8.4 Typical distillation curve for an oil 
 
The stock tank oil can be characterized as a single petroleum fraction or it can be split 
into several petroleum fractions.  In either case, the mean average (or normal) boiling 
point, specific gravity, and relative amount are determined for each petroleum fraction.  















Figure 8.5 Sample of how to split oil into petroleum fractions 
 
The average boiling point and specific gravity is taken as the integral average for that 
fraction.  The relative amount of a given petroleum fraction is taken as the mole percent 
distilled for that fraction over the total amount distilled. 
8.8.2 Properties from a Gas Chromatograph 
High temperature gas chromatograph measurements determine the relative 
amounts of the different molecular species in the oil.  In addition, the specific gravity and 
molecular weight of the stock tank oil are determined by simple laboratory measurements 
(Notz 2002).  The oil is usually split into ranges of boiling components.  For example, all 
components that boil off around that of n-heptane (carbon number equals 7) are lumped 
into a C7 fraction.  This is typically continued for carbon numbers up to C29, at which 
point, the remainder of the oil is lumped into a C30+ fraction.  The average specific 





8.8.3 Determining Needed Petroleum Fraction Properties 
In this work, we assume that the user has split the oil into the appropriate 
petroleum fractions and that we either have 1) specific gravity, relative amount, and 
normal boiling point or 2) specific gravity, relative amount, and molecular weight.   
For the cases above, we need to determine either 1) molecular weight or 2) 
normal boiling point.  Equation 8.1 is an API modification (1987a) of the correlation 
developed by Riazi (1979) for the molecular weight of a petroleum fraction given the 
specific gravity and normal boiling point (K). 
[ ] 5 61 2 3 4exp a ab b bMW a a T a SG a T SG T SG= + +     8.1 
Equation 8.1 reproduces experimental values for molecular weight to within an average 
error of 3.4 percent when MW < 300 and 4.7 percent for MW > 300 when tested against 
635 data points (API, 1987a).  Equation 8.1 is safe to use for 305 K < Tb < 1089 K, 70 < 
MW < 700, and 0.63 < SG < 0.97. 
If specific gravity and molecular weight are known Equation 8.1 can be 
rearranged such that a successive substitution iterative method can be applied to solve for 














      8.2 
It was found that an initial guess for the normal boiling point of 500 K gives reasonable 
convergence to the solution.  The limitations of Equation 8.2 are the same as that for 
Equation 8.1.  However, the reliability of Equation 8.2 is not as good as Equation 8.1 
















With the properties of the petroleum fractions, we then determine the needed parameters 
for phase equilibria calculations.  What follows is a discussion of the methods to 
determine the petroleum fraction parameters for each phase. 
 
8.9 Modeling Petroleum Fractions 
 In order to model petroleum fractions in the vapor, liquid hydrocarbon, and 
aqueous phases, equation of state specific properties need to be determined for them in 
each phase.  In this work, correlations have been developed or taken from literature 
sources to obtain these properties.  All correlations are based on the normal boiling point, 
specific gravity, and molecular weight of the petroleum fractions. 
8.9.1 Vapor and Liquid Hydrocarbon Phases 
To determine the fugacity of the petroleum fraction in the vapor and liquid 
hydrocarbon phases, the critical temperature, critical pressure, and acentric factor are 
needed.  Equations 8.3 and 8.4 are API modifications (1987b, 1987c) of the correlations 
developed by Riazi (1979) for the pseudo-critical temperature and pressure of petroleum 
fractions, respectively. 
( ) [ ] 5 61 2 3 4exp a ac b b bT K a a T a SG a T SG T SG= + +     8.3 




Equations 8.3 and 8.4 reproduce pure hydrocarbon experimental values for critical 
temperature and pressure to within average errors of 0.8 and 2.6 percent, respectively.  
Note that the correlations were not evaluated using petroleum fraction data as 
pseudocritical temperature and pressure are defined rather than measured.  Equations 8.3 
and 8.4 are safe to use for 300 K < Tb < 616 K, 70 < MW < 295, and 0.625 < SG < 1.025.  
The constants for Equations 8.3 and 8.4 are given in Table 8.3. 
 
 Table 8.3 Constants for Equation 8.3 and 8.4 
 Equation 8.3 Equation 8.4 
a1 9.523276 319584 
a2 -9.31446E-4 -8.505E-3 
a3 -0.54444 -4.8014 
a4 6.4791E-4 5.74902E-3 
a5 0.81067 -0.4844 
a6 0.53691 4.0846 
 







Pω = − −         8.5 
where, P* is the vapor pressure of the petroleum fraction at T = 0.7Tc.  The vapor 
pressure of a petroleum fraction can be determined via an iterative scheme developed by 
API (1978a).  The governing equations are 
 ( )* 1 2
3 4
exp a X aP bar
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where Tb is a corrected normal boiling point for the petroleum fraction, KW is the Watson 








= ,        8.9 
and f is the correction factor defined as 
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 >
.     8.10 
Equation 8.6 was obtained from Exxon Research and Engineering Company (1977) and 
Equations 8.7 and 8.8 were adapted from Maxwell and Bonnell (1955).  Equations 8.6 
through 8.10 are applicable for narrow-boiling fractions, i.e., those having less than 10 K 
difference in a true-boiling point distillation.  The method is most reliable for vapor 
pressures near atmospheric pressure; however, it has not been tested with petroleum 
fraction data (only pure hydrocarbons).  The constants for Equations 8.6 through 8.10 are 
given in Table 8.4. 
 
Table 8.4 Constants for Equation 8.6 through 8.10 
 Eq. 8.6 
 X < 0.0013 0.0013 ≤ X ≤ 0.0022 X > 0.0022 
Eq. 8.7 Eq. 8.8 Eq. 8.10 
a1 6140.031 5498.135 6624.327 -5.1606E-4 1.0857362 366.5 
a2 -8.213800 -7.363971 -9.030525 748.1 12.0 200.0 
a3 36.00 95.76 43.00 -0.3861 1.01325 -- 
a4 -0.989679 -0.972546 -0.987672 -- -- -- 
 





read Tb and SG
calculate KW and f
Tb = Tb calculate X
calculate P*
calculate Tb
∆Tb = 0 ?done
yes no
 
Figure 8.6 Iterative routine to calculate vapor pressure of petroleum fraction 
 
The next step in characterizing the petroleum fraction for the vapor and liquid 
hydrocarbon phases is to define interaction parameters between the fraction(s) and other 
components in the system.  We cannot simply assume that the petroleum fraction acts as 
a paraffinic heavy hydrocarbon.  Therefore, we suggest determining the molecular type 
of the petroleum fraction via the method of Riazi (1979).  With the knowledge of specific 
gravity, normal boiling point, and molecular weight, this procedure can calculate the 
relative amounts of paraffins, naphthenes, and aromatics in the petroleum fraction.  The 
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,        8.11 
where, Ri is the refractivity of the petroleum fraction and VG is a viscosity correlation.  
The refractivity is given by 
2i




where, n is the refractive index and d is the liquid density (g/cc), both at 20 oC and 1 
atmosphere.  The viscosity correlation is given by 
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,    8.13 
where, v100,210 is the kinematic viscosity in centistokes (cS) and V100,210 is the Saybolt 
universal viscosity in Saybolt universal seconds, at either 100 oF (37.8 oC) or 210 oF (98.9 
oC), respectively.  Equations 8.11 through 8.13 are safe to use for: Light Fractions - 78 < 
MW < 214, 1.04 < Ri < 1.08, 0.57 < VG < 1.52, 0.02 < xp < 0.93, 0.02 < xn < 0.46, and 
0.01 < xa < 0.93; Heavy Fractions - 233 < MW < 571, 1.04 < Ri < 1.06, 0.79 < VG < 0.98, 
0.10 < xp < 0.81, 0.13 < xn < 0.64, and 0.00 < xa < 0.31.  Equations 8.11 through 8.13 
reproduce experimental values for to within average deviations for light fractions of 0.04 
and 0.06 mole fraction and for heavy fractions of 0.02 and 0.04 mole fraction for xp and 
xn, respectively.  The constants for Equations 8.11 and 8.13 are given in Table 8.5. 
 
Table 8.5 Constants for Equation 8.11 and 8.13 
 Eq. 8.11 Eq. 8.13 (100 oF) Eq. 8.13 (210 oF) 
 MW < 200 MW > 200 MW < 200 MW > 200 MW < 200 MW > 200 
a1 -13.359 2.5737 -1.816 10.0 -1.948 1.0 
a2 14.4591 1.0133 3.484 0.0 3.535 -0.24 
a3 -1.41344 -3.573 -0.1156 -0.466953 -0.1613 -9.55448E-3 
a4 23.9825 2.464 -- 38.0 -- 35.5 
a5 -23.333 -3.6701 -- 10.0 -- 0.755 
a6 0.81517 1.96312 -- -0.434294 -- 0.0 
a7 -9.6235 -4.0377 -- -- -- -- 
a8 8.8739 2.6568 -- -- -- -- 
a9 0.59827 1.60988 -- -- -- -- 
 










,         8.14 
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1
aad a MW I= ,        8.15 
where 
[ ] 5 61 2 3 4exp a ab b bI a a T a SG a T SG T SG= + + .     8.16 
Equations 8.14 through 8.16 are safe to use for 309 K < Tb < 811 K, 70 < MW < 600, and 
0.63 < SG < 1.1.  Experimental values for refractive index were reproduced with 
Equation 8.14 to within an average error of 0.6% (MW<300) and 0.2% (MW>300).  The 
constants for Equations 8.15 and 8.16 are given in Table 8.6. 
 
Table 8.6 Constants for Equation 8.15 and 8.16 
 Eq. 8.16 
 Eq. 8.15 MW < 300 MW > 300 
a1 2.83085 2.34348E-2 1.8429E-2 
a2 0.03975 7.029E-4 1.16352E-3 
a3 1.13543 2.468 5.144 
a4 -- -1.02672E-3 -5.9202E-4 
a5 -- 5.72E-2 -0.407 
a6 -- -0.72 -3.333 
 
The following correlation has been developed by Abbott et al. (1971) for the kinematic 
viscosity, v, at 100 and/or 210 oF,   
( ) ( ) ( )
( ) ( ) ( )
( )
22
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, 8.17 
where the Watson characterization parameter, KW, is defined by Equation 8.9, and the 
API gravity, oAPI, is defined as 
141.5 131.5o API
SG




Equation 8.17 reproduces experimental data for petroleum fractions with an average error 
of 16.7% and 15.5% for v100 and v210, respectively.  Care should be taken when KW ≤ 10 
and oAPI ≤ 0.0.  The following conversion is used to obtain the Saybolt universal 
viscosity from the kinematic viscosity, for use in Equation 8.13. 
( )( ) 41 2 3 2 3
5 6 7 8
11 TT T
T T T
aV a T a a
a a a a
υυ
υ υ υ
 += + − + + + + 
   8.19 
In the range of 294 K to 422 K, the average deviation between calculated and 
experimental Saybolt universal viscosities is 0.17% with a maximum deviation of 0.5%.  
The constants for Equations 8.17 and 8.19 are given in Table 8.7. 
 
Table 8.7 Constants for Equation 8.17 and 8.19 
 Eq. 8.17 
 T = 100 oF T = 210 oF 
Eq. 8.19 
a1 10.11689 -1.067557 1.098E-4 
a2 -4.483893 0 310.928 
a3 0.2940171 0 4.6324 
a4 0 -0.3834541 3.264E-2 
a5 7.5131E-4 1.1822554E-3 3.9302E-2 
a6 -2.722715E-2 -1.954883E-2 2.627E-3 
a7 0 0.18495515 2.397E-4 
a8 0.395163 0 1.646E-5 
a9 25.315311 2.8759058 -- 
a10 0.218898 0.455175 -- 
a11 -1.980725 0 -- 
a12 50.3642 26.786 -- 
a13 -4.78231 -2.6296 -- 
 
With the molecular type of the petroleum fraction defined, the next step was to determine 
the interaction of the petroleum fraction with other components in the feed.  The 
following is a correlation for the solubility parameter, developed in this work, as a 
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       8.20 
Equation 8.20 was developed for pure paraffins, naphthenes, and aromatics.  The 
constants for Equation 8.20 are given in Table 8.8. 
 
Table 8.8 Constants for Equation 8.20 
 paraffins naphthenes aromatics 
a1 8.2551 8.502 8.4294 
a2 -0.7992 -0.81122 0.1175 
a3 -180.1 -100 -136.7 
 
Figure 8.7 is a plot of the solubility parameter versus molecular weight with the 
predictions given by Equation 8.20.  As can be seen, the correlation does best at high 
molecular weights, which is the case for petroleum fractions.  The solubility parameters 








































The solubility parameter of the petroleum fractions will be calculated using a mole 
fraction average of Equation 8.20 for each molecular type.  That is, 
PF p p n n a ax x xδ δ δ δ= + +        8.21 
The interaction parameter, kij, for the petroleum fraction with other components in the 
feed can then be determined using API correlations (1999) for CH4, CO2, N2, and H2S.  
For the interaction between the petroleum fraction and water, the following correlation 
has been developed in this work, 
1 2 3expij PF w PF wk a a aδ δ δ δ= −  + −        8.22 
where the constants are given in Table 8.9. 
 





The constants in Equation 8.22 were regressed using the water-hydrocarbon interaction 
parameters from this work.  Figure 8.8 gives the predictions of Equation 8.22 versus pure 





























Figure 8.8 Predictions of kij for water and petroleum fraction 
 
With the critical temperature, pressure, acentric factor, and interaction parameters, the 
phase equilibria of the petroleum fraction can then be described in the vapor and liquid 
hydrocarbon phases via the SRK EoS. 
8.9.2 Ideal Gas Phase 
It is important, for the aqueous phase model, to be able to determine the properties 




h , and cp).  The following 
correlations have been developed, in this work, for these properties using the properties 
of known paraffins, naphthenes, and aromatics.  The general equation for each property is 
linear in molecular weight of the petroleum fraction and is given as 




With a given property defined for each molecular type of compound, a fraction average 
of the property will be determined using the molecular type analysis described 
previously.  Therefore, a given property will be determined via the following equation. 
 Property Property Property Propertyp p n n a ax x x= + + .   8.24 
Table 8.10 lists the constants for each formation property and type of compound. 
 
Table 8.10 Constants for Equation 8.23 for ideal gas formation properties 
 0i og  (J/mol) 0i oh  (J/mol) 
 paraffin naphthene aromatic paraffin naphthene aromatic 
a1 -50903.6 -16754.0 66070.2 -40595.2 12000.0 185180 
a2 589.509 580.183 590.298 -1468.13 -1507.21 -1477.15 
 
The dimensionless heat capacity is cubic in temperature as described in Equation 8.25 
below. 
 2 31 2 3 4
p
p p p p
c
c c T c T c T
R
= + + +       8.25 
The constants in Equation 8.25 are determined for the petroleum fraction with an 
equation similar to that of Equation 8.23.   The constants are given in Table 8.11. 
 
Table 8.11 Constants for Equation 8.23 for ideal gas heat capacity parameters 
 cp1 cp2 (1/K) x102 
 paraffin naphthene aromatic paraffin naphthene aromatic 
a1 1.35677 -5.460852 -2.44248 -0.489938 1.21265 -0.941023 
a2 -0.017476 -0.017476 -0.017476 0.0853056 0.0853056 0.085305559 
       
 cp3 (1/K2) x105 cp4 (1/K3) x109 
 paraffin naphthene aromatic paraffin naphthene aromatic 
a1 0.857136 -0.696212 0.161084 -4.8824 1.66846 0.504025 
a2 -0.0526673 -0.0526673 -0.0526673 0.148982 0.148982 0.148982 
 
Figures 8.9 through 8.14 are the predictions of Equation 8.23 for each property described 
































































































































With the ideal gas properties of the petroleum fraction defined, expansion calculations 
can be performed as well as fugacity calculations in the aqueous phase. 
8.9.3 Aqueous Phase 
In order to determine the fugacity of a petroleum fraction in the water phase, the 
Gibbs energy and enthalpy of solution in the standard state at reference conditions are 
required.  As with the ideal gas properties, the water phase property of the petroleum 
fraction will be determined via a fraction average using the molecular type and Equation 
8.24.  Correlations with the general form of Equation 8.23 describe these properties as 
functions of molecular weight for each molecular type.  Table 8.12 gives the constants for 
the formation properties in the standard state. 
 
Table 8.12 Constants for Equation 8.23 for formation properties in aqueous 
phase 
 
 0*ig  (J/mol) 0*ih  (J/mol) 
 paraffin naphthene aromatic paraffin naphthene aromatic 
a1 -39605.3 -15259.3 60651.2 -48084.1 8500.09 177519 
a2 669.68 669.68 669.68 -1754.78 -1754.78 -1754.78 
 
The Born constant, ω, is also a required parameter to determine for the petroleum 
fraction.  In the same form as Equation 8.23, the constants for the Born constant are given 
in Table 8.13. 
 
Table 8.13 Constants for Equation 8.23 for Born constant 
 paraffin naphthene aromatic 
a1 -84820.0 -92970.0 143269 





The partial molar volume of and heat capacity are also required in the standard state.  
Equations 8.26 and 8.27 are the forms of the partial molar volume and heat capacity, 
respectively,  




v vv v v
P P T P
ω ε
ε
∂   = + + + −   Ψ + Ψ + − Θ ∂   
 and   3.7 
 








c T Pc c c P P c TX
PT T
ω
  Ψ += + − − + +  Ψ +− Θ − Θ   
,  3.6 
where, Θ = 228 K, Ψ = 2600 bar, and ε is the dielectric constant of pure water.  The 
constants for each equation, vi and ci, for a petroleum fraction can be found via Equation 
8.23 and the following constants given in Table 8.14.  They were each regressed to the 
parameters for known components in this work. 
 
Table 8.14 Constants for Equation 8.23 for partial molar volume and heat 
capacity parameters 
 
 v1 (J/mol-bar) v2 (J/mol) 
 paraffin naphthene aromatic paraffin naphthene aromatic 
a1 1.70404 1.86816 0.457662 905.770 1213.13 -3559.96 
a2 6.34695E-2 6.34695E-2 6.34695E-2 154.941 154.941 133.513 
       
 v3 (J-K/mol-bar) v4 (J-K/mol) 
 paraffin naphthene aromatic paraffin naphthene aromatic 
a1 20.4615 19.1737 41.0918 -120032 -121147 -106863 
a2 -0.608039 -0.608039 0.105082 -640.126 -640.126 -518.628 
       
 c1 (J/mol-K) c2 (J-K/mol) 
 Paraffin naphthene aromatic paraffin naphthene aromatic 
a1 121.810 128.228 -84.6320 254210 301113 -273809 





Figures 8.15 through 8.22 are the predictions of Equation 8.23 for each property 





























































































































































































Figure 8.22 Partial molar heat capacity constant 2 
 
As can be seen in Figures 8.7 through 8.22, the regressed parameters give a reasonable 
approximation of the model parameters. 
 The correlations in this section are used to predict the needed parameters for each 
fugacity model.  Once the parameters are determined, the petroleum fractions are treated 






CHAPTER 9 -  ANALYSIS OF METHANE, ETHANE, AND 
PROPANE SYSTEMS 
 
 In the beginning stages of this work, an analysis of the methane, ethane, and 
propane systems was performed.  Since these three components make up nearly 97 mole 
percent of a typical natural gas mixture, the hydrate phase behavior of a natural gas 
mixture in contact with water will likely be approximated by that of a simple mixture of 
methane, ethane, and propane in contact with water.  For this reason, we generated phase 
diagrams with all possible combinations of methane, ethane, and propane at one 
isotherm, 277.6 K. 
This chapter will relate the phase equilibria of pure and binary gas mixtures of 
methane, ethane, and propane in contact with water to the phase equilibria of the ternary 
gas mixture in contact with water at 277.6 K, the most common temperature a natural gas 
will encounter in a pipeline on the ocean floor at water depths beyond 600 meters.  
Discussion will be given for some of the interesting systems.  It should be noted that this 
work was performed prior to the development of the new hydrate model.  However, the 
predictions presented in this chapter are approximately the same as predictions with the 
new model.  
 
9.1 Pure Hydrate Phase Equilibria 
Experimental data for hydrates of pure gases in contact with water are the most 
abundant, comprising of nearly fifty-percent of all equilibrium hydrate related data.  Of 
the entire available pure gas hydrate data, the majority are for methane, ethane, and 




natural gas is mainly comprised of these components, the phase equilibria of each of the 
first three normal paraffins with water will be quite different from that of a natural gas 
with water.  Therefore, the evaluation of phase equilibria of a pure gas hydrate is for 
fundamental understanding. 
The hydrate phase equilibria of pure gases with water form the basis for 
understanding the phase equilibria of water with binary and ternary mixtures of gases.  
Figure 9.1 is the pressure versus temperature phase diagram for the methane+water 
system.  Note that excess water is present so that, as hydrates form, all gas is incorporated 
into the hydrate phase.  The phase equilibria of methane hydrates is well predicted as can 
be seen by a comparison of the prediction and data in Figure 9.1.  It is important to note 
for later discussions that the predicted hydrate formation pressure for methane hydrates at 
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Figure 9.2 is the pressure versus temperature phase diagram for the ethane+water 
system.  Again, the predictions represent the data well, especially along the Aq-sI-V 
three-phase equilibrium line.  Note that the Aq-sI-V line intersects the Aq-V-Lhc line at 
287.8 K and 35 bar.  Due to differences in the volume and enthalpy of the vapor and 
liquid hydrocarbon, the three-phase hydrate formation line changes from Aq-sI-V to Aq-
sI-Lhc.  Mathematically, this change in the three-phase hydrate formation line can be 
reconsidered by applying the Clapeyron equation to the phase change (Jager and Sloan, 
2000).  Note that the hydrate formation pressure for ethane hydrates at 277.6 K is 
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Figure 9.2 Pressure vs. temperature diagram for ethane+water system 
 
Figure 9.3 is the pressure versus temperature phase diagram for the 




equilibrium line.  However, note that the data are quite scattered along the Aq-sII-Lhc line 
due to difficulties in measuring hydrate equilibria with three relatively incompressible 
phases.  As with the ethane+water system in Figure 9.2, the slope of the three-phase 
hydrate formation line changes drastically when the Aq-sII-V line intersects the Aq-V-Lhc 
line.  In fact, the Aq-sII-Lhc line is nearly vertical but comes back to lower temperature at 
high pressure.  The predictions suggest "pseudo-retrograde" phenomena for the propane 
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Figure 9.3 Pressure vs. temperature diagram for propane+water system 
 
For example, at 278.2 K, hydrates form at a pressure of ~5 bar and dissociate upon 




phenomena can be found in Section 9.2.4.  Note that the hydrate formation pressure of 
propane hydrates along the Aq-sII-V line at 277.6 K is predicted to be 4.3 bar. 
 
9.2 Binary Hydrate Phase Equilibria 
To evaluate the phase equilibria of binary gas mixtures in contact with water, we 
have computed pseudo-binary pressure versus water-free composition phase diagrams.  
Although a binary gas mixture with water is a ternary system, a pseudo-binary phase 
diagram displays the phase equilibria of the mixture on a water-free basis.  That is, water 
is present in excess throughout the phase diagrams and so the compositions of each phase 
is relative only to the hydrocarbon content.  This type of analysis is particular useful for 
hydrate phase equilibria since the distribution of the guests is of most importance.  This 
section will discuss each binary hydrate of methane, ethane, and propane. 
9.2.1 Methane+Propane Hydrates 
Figure 9.4 is the pseudo-binary pressure versus water-free composition diagram 
for the methane+propane+water system at a temperature of 277.6 K.  At 277.6 K the 
hydrate formation pressures are 4.3 bar and 40.6 bar for pure propane (sII) and pure 
methane (sI) hydrates, respectively, as shown at the water-free composition extremes in 
Figure 9.4.  As methane is added to pure propane, there will be a composition at which 
the incipient hydrate structure changes from sII to sI.  As seen in the inset of Figure 9.4, 
this composition is predicted to be 0.9995 mole fraction methane in the vapor.  In other 
words, a very small amount of propane added to a methane+water mixture will form sII 
hydrates.  At pressures above incipient hydrate formation conditions, sII hydrates are 













0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1








 Deaton and Frost, 1946
 Jhaveri and Robinson, 1965

















Figure 9.4 Pseudo-P-x diagram for methane+propane+water system at 277.6 K 
 
Of the possible binary mixture combinations of methane, ethane, and propane, the 
methane+propane+water system (Figure 9.4) is the simplest. 
9.2.2 Methane+Ethane Hydrates 
As discussed in Chapter 7, structural transitions have been experimentally 
determined in the methane+ethane+water system.  However, these structural transitions 
are not unique.  von Stackelberg and Jahns (1954) reported sII hydrates in the binary gas 
mixture of hydrogen sulfide and difluoroethane.  This result is interesting in that both 
hydrogen sulfide and difluoroethane, as pure components, form sI hydrates.  Based on 
von Stackelberg and Jahns' experimental result, van der Waals and Platteeuw (1959) 




(Figure 9.5).  Since both pure components form sI hydrates, the hydrate structure is fixed 
at the composition extremes.   
  
Figure 9.5 Qualitative pressure versus water-free composition diagram for 
hydrogen sulfide+difluoroethane+water at T < 0 oC (reproduced from 
van der Waals and Platteeuw 1959) 
 
This implies that, as composition of the feed gas is increased from 0 mole percent to 100 
mole percent difluoroethane, the incipient hydrate structure will change from sI to sII and 
then back to sI.  This can be seen in Figure 9.5 at the intersections of the two horizontal 
lines with the incipient hydrate equilibrium line (Ice-sI-sII-V).  Until recently, the phase 
diagram in Figure 9.5 has been overlooked while evaluating similar binary gas mixtures 
of sI hydrate formers such as methane and ethane. 
Holder and Hand (1982) reported that some of the methane and ethane hydrate 
data by Deaton and Frost (1946) could not be fit to their model assuming only sI 




incorrectly measured gas composition by Deaton and Frost.  However, Hendriks et al. 
(1996) reported predictions of sII forming in the methane+ethane+water system and this 
was later experimentally confirmed by Subramanian et al. (2000a, 2000b) via Raman and 
NMR spectroscopy.  The experimentally determined composition in which the incipient 
hydrate structure transitions from sI to sII is between 0.736 ± 0.014 mole percent 
methane in the vapor at a temperature of 274.2 K.  Ballard and Sloan (2000) indicated 
that, by fitting model parameters to incipient hydrate equilibrium data as well as this 
structural transition point, the predictions fit the methane+ethane+water data much better 
than if only sI was assumed as the incipient hydrate structure over the entire composition 
range. 
What follows is a qualitative discussion of the effects of temperature, pressure, 
and composition on the methane+ethane+water system in detail, and will help to better 
understand the abbreviated discussion of the hydrogen sulfide+difluoroethane+water 
system by van der Waals and Platteeuw.  The phase diagrams generated for this system 
contain several unexpected predictions for such a simple gas mixture.   
Figure 9.6 is the pseudo-binary pressure versus water-free composition diagram 
for the methane+ethane+water system at a temperature of 277.6 K.  In the diagram, pure 
ethane and pure methane both form sI hydrates in the presence of water at pressures of 
8.2 bar and 40.6 bar, respectively.  However, it is interesting to note that between the 
compositions of 0.74 and 0.994 mole fraction methane, sII hydrates form at the incipient 
formation pressure.  These predictions have been confirmed via Raman and NMR 
spectroscopy (Subramanian et al. 2000a, 2000b) and XRD (Huo, 2002).  Similar to the 
methane+propane+water system, only a small amount of ethane added to pure methane 
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Figure 9.6 Pseudo-P-x diagram for methane+ethane+water system at 277.6 K 
 
At pressures well above the incipient formation pressure, sII hydrates are predicted to be 
present in the composition range of 0.39 and 0.96 mole fraction methane. 
Regions in which sI and sII hydrates coexist in equilibrium are predicted in Figure 
9.6.  NMR results give evidence that such regions may exist in the methane+ethane+ 
water system (Subramanian, 2000a).  A physical explanation of why this occurs is that, as 
hydrates form, the vapor phase composition changes.  If, for example, a water-free 
composition of 50 mole percent methane and 50 mole percent ethane is fed to a cell at 
277.6 K, sI hydrates will initially form at approximately 11 bar.  Ethane, being the larger 
guest, will preferentially stabilize the large cages in the sI hydrate lattice so that the 
water-free composition of the hydrate will contain about 24 mole percent methane and 76 




As pressure is increased, the amount of sI hydrate in the system relative to vapor 
becomes larger, enriching the vapor with methane.  This can be seen by applying the 
reverse lever rule.  At 16.5 bar, the vapor composition will be approximately 74 mole 
percent methane, which is the vapor composition at which sII hydrates will form.  It is at 
this condition (the horizontal line) where there are four phases (Aq-sI-sII-V) in the 
system; by Gibbs phase rule, there is one degree of freedom, which is set by the 
temperature specification.  Therefore, as pressure is increased for a 50/50 mixture, the 
remaining vapor forms sII hydrates, leaving an aqueous phase, sI, and sII hydrates in the 
system.  A similar region is predicted at higher concentrations of methane (91.5 mole % 
to 96.5 mole %) in which the initial hydrate structure is sII. 
Figure 9.6 clearly shows the pressure and composition dependence of hydrate 
structure at a constant temperature.  It can be seen that the hydrate can be sI, sII, or both 
depending on the composition and pressure.  Predictions also show that there is 
temperature dependence as well.  Table 9.1 shows the predicted effect of temperature on 
incipient hydrate structure for a water-free gas mixture of 73 mole percent methane and 
27 mole percent ethane.   
 
Table 9.1 Effect of temperature on hydrate structure in the methane(0.73)+ 
ethane(0.27)+water(excess) system 
 
Temperature (K) Incipient Hydrate Structure 
273 - 275 sII 
275-292 sI 
292-301 sII 
> 301 sI 
 
As temperature increases, the incipient hydrate structure changes from sII to sI to sII and 
back to sI.  This change in structure can also be seen in the pressure versus temperature 




















Figure 9.7 P versus T diagram for the methane(0.73)+ethane(0.27)+ water 
(excess) system 
 
If pressure and composition are specified, the temperature must also be specified to 
determine which hydrate structure is present.  
As seen from Figure 9.6, there are many regions in which sI, sII, or both are 
present.  Without the aid of a hydrate phase diagram, such as Figure 9.6 or 9.7, generated 
by the Gibbs energy minimization flash program, it would be difficult to determine which 
phases are present.  Assuming that the hydrate formed at the incipient conditions prevails 
at higher pressures and temperatures could be a costly mistake.  In many practical 
situations such as flow assurance in natural gas pipelines and hydrates in oceanic and 
permafrost regions it is essential to know what phases are present.  Subramanian et al. 




9.2.3 Methane+Ethane Hydrates at High Temperature and Pressure 
As the temperature is increased from 274.2 K to 303.1 K, the methane+ethane+ 
water phase diagrams undergo interesting changes.  What follows is a qualitative 
description of some of these phenomena shown in a series of pseudo-binary pressure 
versus composition (P-x) plots.  Note that in a pseudo-binary P-x diagram, the water 
phase is in excess so the effect of water composition on the system is not shown.  As long 
as there is enough water in the system so that it is not all consumed by hydrate formation, 
these diagrams will be valid.  Water-free compositions and phase amounts can be 
determined for the remaining phases in the diagram just as they would for a traditional 
binary P-x diagram.  
Figure 9.8 is the pressure versus water-free composition phase diagram at 288.05 
K (which is very similar to Figure 9.6).  The lower and upper structural transition points 
are at 76 and 98.2 mole percent methane, respectively.  However, a difference in this 
diagram is that there is an aqueous-sI hydrate-vapor (Aq-sI-V) negative homogeneous 
azeotrope at 14 mole percent methane.  At the azeotrope, the water-free composition of 
the hydrate and the vapor are the same (not of the aqueous phase, however).  This 
phenomenon has been discussed by Holder and Grigoriou (1980) who found that the 
dissociation pressures of a 10 mole percent methane and 90 mole percent ethane mixture 
fell below the dissociation pressure of pure ethane at temperatures greater than 281 K.  
Azeotropes in hydrate systems are not uncommon and can be attributed to increased 
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Figure 9.8 Pseudo-P-x diagram for methane+ethane+water system at 288.05 K 
 
Ethane in the presence of water has a vapor pressure of 34.7 bar at 288.05 K but 
forms sI hydrates at 34.6 bar.  Therefore, before ethane vapor condenses, sI hydrates 
form.  However, as the temperature is increased, the pressure at which pure ethane forms 
hydrates will be greater than the respective vapor pressure.  This can be attributed to the 
difference in latent heats of formation of liquid hydrocarbon and sI hydrates via the 





.         9.1 
This means that on a water-free basis, ethane vapor with water will condense before it 
forms sI hydrates.   The relevance of this fact will be discussed when inspecting P-x 




At 288.5 K, pure ethane is predicted to flash before hydrates are formed as seen in 
Figure 9.9.  On the whole, Figure 9.9 is quite similar to Figure 9.8, but if the pressure and 
composition axes are focused near pure ethane it is quite different (inset diagram of 
Figure 9.9).  The intersection of the Aq-V-Lhc, Aq-sI-V, and Aq-sI-Lhc envelopes results 
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Figure 9.9 Pseudo-P-x diagram for methane+ethane+water system at 288.5 K 
 
This quadruple line would represent a quadruple point on a pressure versus temperature 
plot for a composition of 2 mole percent methane.  The negative homogeneous azeotrope 
discussed in Figure 9.8 now occurs at a composition of 15.4 mole percent methane and a 




Because, on a water-free basis, pure methane is above its critical temperature, the 
Aq-V-Lhc envelope seen in Figure 9.9 will never extend to the methane axis.  This can be 
seen visually in the pressure versus composition diagram at 292.9 K (Figure 9.10).  The 
hydrate phase envelopes have "broken away" from the Aq-V-Lhc envelope at this 
temperature leaving an unusual phase diagram.  The Aq-V-Lhc envelope extends into the 
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Figure 9.10 Pseudo-P-x diagram for methane+ethane+water system at 292.9 K 
 
The negative homogeneous azeotrope of Aq-sI-V, as a result, is now a negative 
heterogeneous azeotrope of Aq-sI-Lhc and Aq-sI-V at 30 mole percent methane and a 
pressure of 76 bar.  At the azeotrope, the composition of the vapor, liquid hydrocarbon, 




structural transition points at this temperature are at 72.3 and 96.3 mole percent methane, 
respectively. 
To this point, the more interesting phenomena have occurred near the pure ethane 
axis (i.e. azeotropes and affect of vapor pressure).  In Figure 9.11, a pressure versus 
composition diagram at 296.65 K, the more interesting phenomena occur near the pure 
methane axis. The lower and upper structural transition points at this temperature are at 
68.5 and 94 mole percent methane, respectively.  Figure 9.11 is essentially the same as 
Figure 9.10; however, the inset diagram in Figure 9.11 focuses on the phase space near 
the lower structural transition point.  The formation of a negative homogeneous azeotrope 
of Aq-sII-V occurs at 68.86 mole percent methane and 205.7 bar.  Note the highly 
expanded composition scale in the inset.  Because of the small composition range over 
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As temperature is increased to 302.9 K (Figure 9.12), the negative homogeneous 
azeotrope of Aq-sII-V disappears.  However, the negative heterogeneous azeotrope of 
Aq-sI-Lhc and Aq-sI-V still occurs but is shifted to 46 mole percent methane.  A very 
small region in which the incipient hydrate structure is sII can be seen in Figure 9.12.  
The lower and upper structural transition points at this temperature are at 80.5 and 83.9 








0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
































Figure 9.12 Pseudo-P-x diagram for methane+ethane+water system at 302.9 K 
 
If focus is given to the region near the structural transition points, interesting phenomena 
are predicted.  The inset diagram in Figure 9.12 shows the presence of a homogeneous 
(Aq-sI-sII) peritectic at 537 bar and 75 mole percent methane. 
At the lower structural transition point, it is obvious that the mole fraction of 




transition point, the mole fraction of methane in sI hydrate is more than that in sII 
hydrate.  The significance of the peritectic is that this is the composition and pressure at 
which the mole fraction of methane is the same in both sI and sII hydrates.  A 
homogeneous peritectic also occurs in Figure 9.6 and Figures 9.8 through 9.11.  The 
peritectic occurs at a higher pressure as the temperature is lowered and therefore, by 
including them in these figures, the pressure scale would be so inflated that the lower 
portion of the hydrate phase diagrams would be indistinguishable. 
The predicted maximum temperature at which sII hydrates can occur in the 
methane+ethane+water system is predicted to be 303.1 K.  Figure 9.13 shows the 
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As can be seen, there are no regions in which sII hydrates form.  The negative 
heterogeneous azeotrope of Aq-sI-Lhc and Aq-sI-V still exists at a composition of 46 
mole percent methane.  The movement of the azeotrope with temperature suggests that, at 
some temperature, the dissociation pressure for pure methane will be lower than the 
dissociation pressure for any methane+ethane hydrate.  At temperatures beyond 303.1 K, 
the pseudo-P-x diagrams look similar to that in Figure 9.13, and therefore, we stop at this 
temperature. 
9.2.4 Ethane+Propane Hydrates 
Figure 9.14 shows a predicted pressure versus water-free composition plot for the 
ethane+propane+water system at 274 K.  At 0.0 mol fraction ethane (propane+water) sII 
form at ~2 bar, and at 1.0 mol fraction ethane (ethane+water) sI form at ~5 bar.  At the 
intermediate composition of 0.75 mole fraction ethane, a quadruple point, Aq-sI-sII-V, 
exists in which both incipient hydrate structures are in equilibrium with vapor and 
aqueous phase.  This point will be referred to as the structural transition composition: the 
composition at which the incipient hydrate formation structure changes from sII to sI at a 
given temperature. 
By Gibbs phase rule, there is only one pressure at which Aq-sI-sII-V can coexist 
at a given temperature.  Therefore, with an increase in pressure, the free vapor phase is 
completely converted into either sI or sII, depending on the feed composition of ethane 
and propane and which hydrate structure is already present.  This is illustrated in Figure 
9.14.  At pressures above incipient hydrate formation, phase regions are predicted to exist 
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Figure 9.14 Pseudo-P-x diagram for ethane+propane+water system at 274 K 
 
Figure 9.14 illustrates the effect on hydrate formation when ethane and propane 
are combined at constant temperature.  Ethane acts as an inhibitor to sII formation due to 
competition of ethane with propane to occupy the large cages of sII.  Propane also acts as 
an inhibitor to sI formation when added to ethane+water.  In this case, however, since 
propane cannot enter the sI cavities, the fugacity of ethane is lowered as propane is 
added, destabilizing the sI hydrate.  Holder (1976) refers to this inhibiting capacity as the 
"antifreeze" effect. 
As the temperature is increased to 277.6 K the pressure versus composition 
diagram for the ethane+propane+water system changes drastically as shown in Figure 




hydrate.  However, if the pressure is increased to approximately 11.45 bar, between 0. 3 
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Figure 9.15 Pseudo-P-x diagram for ethane+propane+water system at 277.6 K 
 
The pressure at which this dissociation is predicted to occur is called the hydrate pseudo-
retrograde pressure at T.  In this work, we define pseudo-retrograde behavior as the 
disappearance of a dense phase upon pressurization, which is counter-intuitive.  This 
behavior resembles, but is not strictly the same as, vapor-liquid retrograde phenomena 
(de Loos, 1994; pp. 89-113).   
The pseudo-retrograde pressure can be explained via evaluation of the vapor-
liquid equilibria of  ethane, propane, and water.  The dashed line in Figure 9.15 is Aq-V-
Lhc envelope that would form if hydrates were not present.  The Aq-sII-V phase region 




phase rule there is one degree of freedom (3 components, 4 phases), namely temperature, 
which is set at 277.6 K.  This point of intersection creates a four-phase line, Aq-sII-V-Lhc, 
in the pseudo-P-x diagram.  Therefore, the pressure at which the quadruple line occurs in 
Figure 9.15 is unique.  That is, if pressure is increased, one of the phases must disappear.  
In this case, the sII phase dissociates and an Aq-V-Lhc region remains. 
The validity of the predictions in Figure 9.15 can be shown with a comparison of 
the data taken by Holder and Hand (1982) for this system.  The sI and sII hydrate 
formation data points all compare quite well with the predictions with the exception of 
the point at 0.66 mole fraction ethane.  Holder and Hand state that the data point at 0.66 
mole fraction is sII but note that it could be at Aq-sII-V-Lhc conditions.  The predictions 
in Figure 9.15 support their observation of possible 4-phase conditions but suggest that 
the data point may be at metastable Aq-sI-V-Lhc conditions. 
To test the predictions, experiments were carried out at the Technical University 
of Delft (TUD) (Ballard et al., 2001).  In this work, the pressure versus temperature phase 
diagram was generated using the model and then confirmed by experimental data.  Figure 
9.16 is the pressure versus temperature diagram for a 30/70 mixture of ethane and 






































Figure 9.16 P versus T phase diagram for ethane(0.3)+propane(0.7)+water 
(excess) system 
 
Pseudo-retrograde phenomena are predicted to occur between the temperatures of 277.7 
K and 278.3 K.  With a pressure increase of up to 5 bar, sII hydrates will dissociate at any 
temperature in this range. The lines are model predictions and the circles are 
experimental observations of hydrate dissociation obtained in the TUD laboratory.  As 
can be seen in Figure 9.16, the TUD hydrate dissociation data does confirm the pseudo-
retrograde melting.  However, note that the Aq-sII-Lhc data deviate 0.2 K from the 
predictions.   
We have made predictions for this system using the new hydrate model and 
parameters.  Figure 9.17 is the phase diagram for the same system as in Figure 9.16 with 







































Figure 9.17 P versus T phase diagram for ethane(0.3)+propane(0.7)+water 
(excess) system 
 
As can be seen, the predictions with the new model are essentially the same as those from 
the old model.  However, the Aq-sII-Lhc hydrate formation data is modeled much better.  
Note that the Aq-sII-V-Lhc data is not modeled as well.  Since both models have 
difficulty modeling the pseudo-retrograde region, it could be concluded that the data is in 
error along the Aq-sII-V-Lhc line. 
 Mooijer (2002) has recently reported data for the system ethane(0.5)+propane 
(0.5)+water(excess).  Figure 9.18 is the predicted phase diagram for this system 

























Data by Mooijer, 2002
 
Figure 9.18 P versus T phase diagram for ethane(0.5)+propane(0.5)+water 
(excess) system 
 
There are several interesting features of this phase diagram.  The pseudo-retrograde 
phenomenon is still predicted and experimentally determined to occur at low pressures 
near 278 K.  However, sI hydrates are predicted to exist over a large portion of the phase 
diagram.  Mooijer confirms this, determining the four-phase lines, Aq-sI-sII-V and Aq-sI-
sII-Lhc, experimentally.  Note that the predictions for the dissociation of sI at 
temperatures greater than 281 K miss the data by about 1 K. 
It is usually assumed that hydrates never dissociate with an increase in pressure. 
Predictions show, however, that for a wide water-free composition range, slight increases 
in pressure will result in the dissociation of sII hydrates (pseudo-retrograde dissociation).  
Pressure versus temperature and pressure versus composition phase diagrams for the 




pressures (~7-11 bar) near a temperature of 278 K.  Pseudo-retrograde hydrate behavior 
was also predicted in the ethane+i-butane+water and ethane+propane+n-decane+water 
systems as well (Ballard et al., 2001).  However, in an attempt to be brief, these 
predictions will not be presented here. 
 
9.3 Ternary Hydrate Phase Equilibria 
With the phase equilibria of pure and binary hydrates discussed, the next step is to 
consider phase equilibria of the ternary gas mixture with water.  Pseudo-ternary phase 
diagrams were created at a temperature of 277.6 K and pressures ranging from 10 to 45 
bar.  The pseudo-ternary phase diagrams are similar to true ternary phase diagrams except 
that water is in excess and therefore all compositions are given on a water-free basis.  The 
pseudo-ternary phase diagrams are composites of the phase diagrams discussed earlier: P-
T diagrams for the pure hydrates and pseudo-P-x diagrams for the binary hydrates.  That 
is, the corners represent the intersection of an isotherm and isobar in the pure hydrate P-T 
diagrams while the edges represent an isobar in the pseudo-P-x phase diagrams at 277.6 
K. 
Figure 9.19 is a pseudo-ternary phase diagram for the methane+ethane+propane+ 
water system at a temperature and pressure of 277.6 K and 10.13 bar, respectively.  An 
example of how this diagram is related to the previous diagrams is given.  The ethane-
propane edge of the phase diagram in Figure 9.19 can be directly compared to the 
pseudo-P-x phase diagram for the ethane+propane+water system in Figure 9.15 at a 
pressure of 10.13 bar.  At 10.13 bar in Figure 9.15, the composition range for the Aq-sII 
phase region is between 0 and 0.16 mole fraction ethane.  This is the same composition 
range for the Aq-sII phase region on the ethane-propane edge of Figure 9.19.  Similar 
comparisons can be made with each edge of the pseudo-ternary phase diagram and the 

































Figure 9.19 Pseudo-ternary diagram for methane+ethane+propane+water 
system at 277.6 K and 10.13 bar 
 
The interior of the phase diagram in Figure 9.19 cannot be determined by a simple 
analysis of the pseudo-P-x phase diagrams.  An example of the procedure to determine 
the phase equilibria of a given water-free composition of the gas mixture is given.  
Suppose the water-free composition of the gas mixture is 0.3333 mole fraction for each 
of the three components.  At a temperature and pressure of 277.6 K and 10.13 bar (Figure 
9.19), respectively, the overall composition is in the center of the diagram, in the three-
phase region (Aq-sII-V).  The tie line (dashed line) in Figure 9.19, passing through the 
overall composition, gives the water-free composition (CH4, C2H6, C3H8) of the sII 




pseudo-ternary phase diagram with excess water throughout, as is the case of the other 
diagrams, the composition of water in any of the phases cannot be determined. 
The predicted phase diagram in Figure 9.19 indicates that sII hydrate is the 
predominate hydrate that forms.  Propane clearly stabilizes the hydrate over a wide 
composition range.  In Figure 9.19 four major phase regions appear from the top to the 
bottom of the diagram: Aq-sII, Aq-sII-V, Aq-V, and Aq-sI-V.  Three of the four phase 
regions contain hydrates and encompass approximately eighty-percent of the overall 
phase diagram.  In other words at a temperature and pressure of 277.6 K and 10.13 bar, 
respectively, the likelihood of hydrate formation is large given all possible mixture 
compositions. 
 As pressure is increased, the likelihood of hydrate formation will be greater.  
Figure 9.20 is the pseudo-ternary phase diagram for the methane+ethane+propane+water 
system at 277.6 K and 11.04 bar.  There are still the same four phase regions present as in 
Figure 9.19.  However, the Aq-sII-V and Aq-sI-V phase regions have expanded in size 


































Figure 9.20 Pseudo-ternary diagram for methane+ethane+propane+water 
system at 277.6 K and 11.04 bar 
 
As pressure is increased further to 11.15 bar (Figure 9.21), the two three-phase 
regions intersect.  The intersection of the two three-phase regions results in two four-
phase regions (Aq-sI-sII-V) and a new three-phase region (Aq-sI-sII) in which all vapor 






































Figure 9.21 Pseudo-ternary diagram for methane+ethane+propane+water 
system at 277.6 K and 11.15 bar 
 
Note that the four-phase regions have no tie lines.  As explained by Gibbs phase rule, 
there are two degrees of freedom in the system (4 components and 4 phases), which are 
used by setting the temperature and pressure.  Therefore, if the overall mixture 
composition puts the system in a four-phase region, the composition of the four phases is 
the same anywhere within that region.  For example, if the overall water-free composition 
(CH4, C2H6, C3H8) of the feed is (0.25, 0.65, 0.10), the system is in the lower four-phase 
region of Figure 9.21.  The water-free composition of the vapor phase is (0.30, 0.59, 
0.11), the sI phase is (0.17, 0.83, 0.00), and the sII phase is (0.42, 0.24, 0.34).  If the 




the composition of each of the phases will be the same, however the amounts of each 
phase will change accordingly. 
The pseudo-retrograde hydrate phenomenon observed in the ethane+propane+ 
water system in Figure 9.15 occurs on the pseudo-ternary phase diagram at a pressure of 
11.45 bar in Figure 9.22. 
 







































Figure 9.22 Pseudo-ternary diagram for methane+ethane+propane+water 
system at 277.6 K and 11.45 bar 
 
The Aq-sII-V and Aq-sI-V phase regions have grown in size relative to those at 11.15 bar 
in Figure 9.21 and thus increased the size of the resulting four- and three-phase regions.  




ethane-propane edge.  The pseudo-retrograde binary phenomenon disappears when 
methane is added to ethane+propane+water. 
The reason for the pseudo-retrograde hydrate phenomenon in the ethane+propane 
+water system is the intersection of the Aq-sII-V and Aq-V-Lhc phase envelopes; creating 
a four-phase pressure.  Gibbs phase rule dictates that this four-phase pressure is unique.  
Therefore, as pressure is increased, the sII hydrate phase must disappear.  Using this 
explanation as a starting point, we can describe why the pseudo-retrograde hydrate 
phenomenon does not occur in the quaternary system, methane+ethane+propane+water.  
Note that the four-phase region Aq-sII-V-Lhc results from the intersection of the Aq-sII-V 
and Aq-V-Lhc phase regions.  Because there are four components in this mixture, Gibbs 
phase rule indicates that there are two degrees of freedom (4 components and 4 phases), 
as opposed to only one degree of freedom in the pseudo-binary mixture (ethane+propane 
+water).  Therefore, the four-phase region can exist at multiple pressures. 
 At 15.2 bar in the pseudo-binary phase diagram for the ethane+propane+water 
system (Figure 9.15), hydrates are present throughout the composition range of 0.0 to 1.0 
mole fraction ethane except for the small region in which only aqueous and liquid 
hydrocarbon phases are present.  The pseudo-ternary phase diagram at this pressure is 
shown in Figure 9.23.  Two four-phase regions are seen at this pressure: Aq-sI-sII-V and 
Aq-sI-sII-Lhc.  The Aq-sI-sII-V phase region is the result of the Aq-sI-V and Aq-sII-V 
phase regions intersecting, while the Aq-sI-sII-Lhc phase region is due to the intersection 
of the Aq-sI-Lhc and Aq-sII-Lhc phase regions.  Note that the Aq-Lhc phase region seen in 






































Figure 9.23 Pseudo-ternary diagram for methane+ethane+propane+water 
system at 277.6 K and 15.2 bar 
 
Hence, as methane is added to the ethane+propane+water mixture, sII hydrates form.  In 
fact, at 277.6 K and 15.2 bar, sII hydrates are predicted to form at nearly any methane-
ethane-propane mixture composition.  However, for compositions rich in ethane (> 40 
mole percent), sI hydrates are predicted to coexist in equilibrium with sII.  Note that the 
pseudo-P-x phase diagram for the methane+ethane+water system shown in Figure 9.6 
does not show sI and sII hydrates coexisting at 277.6 K and 15.2 bar.  Hence, as small 
amounts of propane are added to the methane+ethane+water mixture, sII hydrates form 
resulting in the large Aq-sI-sII phase region shown in Figure 9.23. 
As discussed, the appearance of the four-phase region, Aq-sI-sII-V, in Figure 9.23 




sI-V phase region extends into the pseudo-ternary phase diagram from the pseudo-P-x 
methane-ethane edge.  At 15.2 bar, the pseudo-P-x in Figure 9.6 clearly shows an Aq-sI-
V region.  However, as pressure is increased to 16.72 bar, the Aq-sI-V phase region is 
replaced with Aq-sI-sII and Aq-sII-V phase regions.  Figure 9.24 shows the impact of the 
pseudo-P-x phase diagram on the pseudo-ternary diagram.  Near the methane-ethane 
edge, the four-phase region, Aq-sI-sII-V, is no longer present.   
 































Figure 9.24 Pseudo-ternary diagram for methane+ethane+propane+water 
system at 277.6 K and 16.72 bar 
 
Note that the remainder of the phase diagram is essentially identical to that in 
Figure 9.23.  In fact, all phase regions without a vapor phase present will not change 




essentially incompressible and therefore changes very little with pressure.  The vertical 
lines in the pseudo-binary phase diagrams are representative of this.  The only phase 
regions in Figure 9.24 that have compressible phases (i.e. vapor) are near the pure 
methane corner.  Therefore, as pressure is increased, the only significant change in the 
pseudo-ternary phase diagram will be near that corner.  Figure 9.25 is the pseudo-ternary 
phase diagram at 39.01 bar. 
 
































Figure 9.25 Pseudo-ternary diagram for methane+ethane+propane+water 
system at 277.6 K and 39.01 bar 
 
As expected, the incompressible phase regions remain the same while the Aq-sII-V phase 
region is smaller.  Evaluation of Figures 9.4 and 9.6 near the pure methane axis give 




As the pressure is increased beyond 39.11 bar, which is the pressure at which an 
Aq-sI-V phase region appears in the pseudo-P-x phase diagram for the methane+ 
ethane+water system, another four-phase region, Aq-sI-sII-V, appears in Figure 9.26 (P = 
39.52 bar).  This four-phase region appears as the result of the Aq-sI-V and Aq-sII-V 
phase regions intersecting.  Since only a small fraction of the phase diagram is different 















Figure 9.26 Pseudo-ternary diagram for methane+ethane+propane+water 
system at 277.6 K and 39.52 bar (note the expanded scale) 
 
Note the small region near the pure methane corner in which only liquid water and vapor 




contact with water is contaminated with any mixture of ethane and propane by as little as 
0.005 mole fraction in the vapor, hydrates will form. 
The highest pressure in which an Aq-sI-V phase region is present is 40.62 bar and 
it last occurs in the methane+propane+water pseudo-binary phase diagram in Figure 9.4.  
Therefore at pressures higher than 40.62 bar, there will no longer be a Aq-sI-sII-V four-
phase region.  Figure 9.27 is the pseudo-ternary phase diagram at 277.6 K and 45.6 bar. 
 
































Figure 9.27 Pseudo-ternary diagram for methane+ethane+propane+water 
system at 277.6 K and 45.6 bar 
 
Hydrates are predicted to be present throughout the entire composition range except 
along the ethane+propane+water edge.  sII hydrates are present in over ninety-nine 




phase regions present in this figure are incompressible, the phase diagrams at higher 
pressures do not change significantly.  Therefore, we only give predictions at pressures 
up to 45.6 bar. 
 
9.4 Industrial Implications 
Determining the stable hydrate structure at a given temperature, pressure, and 
composition is not a simple task, even for such a simple systems as the ones discussed 
here.  The fact that such basic mixtures of methane, ethane, propane, and water exhibit 
such complex phase behavior leads us to believe that industrial mixtures of ternary and 
multi-component gases with water will exhibit even more complex behavior.  
Spectroscopic methods are candidates to observe such complex systems because, as 
discussed earlier, pressure and temperature measurements of the incipient hydrate 
structure are not enough. 
Experimental work is required to confirm predictions for the majority of these 
systems at temperatures and pressures above the incipient conditions, and techniques 
such as XRD, Raman, and NMR are well suited to do this.  Spectroscopic measurements 
will allow hydrate model parameters to be fit to hydrate composition and structural data.  
Corrected model predictions can then guide experiments (Subramanian et al., 2000b). 
The methane+ethane+propane+water system is the simplest approximation of a 
natural gas mixture.  As shown in Figures 9.19 through 9.27, the phase equilibria of such 
a simple mixture is quite complicated at pressures above incipient hydrate formation 
conditions.  The two most interesting phenomena found are the coexistence of sI and sII 
hydrates and the lack of the pseudo-retrograde phenomenon in the interior of the pseudo-
ternary phase diagrams.  These two phenomena could have industrial implications as 
indicated in the below paragraphs. 
Hydrates in the permafrost and beneath the sea floor are formed from nearly pure 




methane gas trapped in these in situ hydrates are based on this assumption.  At low 
pressures, as little as a 0.005 mole fraction contamination of ethane and/or propane could 
force the stable hydrate to be sII.  At higher pressures, any contamination of ethane 
and/or propane (< 0.005) will force the sII hydrates to be in equilibrium with sI hydrates.  
The amount of methane trapped in sI hydrates versus sII hydrates is different  
(Subramanian et al., 2000) and the incorrect assumed structure could significantly affect 
the calculations for the amount of methane trapped in natural hydrates. 
Chemicals such as kinetic inhibitors or anti-agglomerates are added to natural gas 
pipelines to prevent hydrate plugs.  Kinetic inhibitors are designed to slow hydrate 
formation kinetics while anti-agglomerates are designed to prevent hydrate particles from 
agglomerating.  Typical natural gas hydrates are assumed to be sII and therefore these 
chemicals are designed to prevent sII hydrates from plugging a pipeline.  Figure 9.27 
suggests that if a natural gas mixture is rich in methane or fairly rich in ethane, sI and sII 
hydrates will coexist.  Therefore, a kinetic inhibitor or anti-agglomerate may prevent the 
sII hydrates from plugging the pipeline but not the sI hydrates.   
Since most natural gases are rich in methane, it is not likely that the pseudo-
retrograde hydrate phenomena will occur in a natural gas pipeline.  However, in a gas 
mixture with very little methane, such as the bottoms product of a demethanizer, the 
pseudo-retrograde hydrate phenomenon could be possible.  This suggests that a 
demethanizer bottoms product pipeline could be operated at pressures above the incipient 
hydrate formation pressure without hydrate formation.  Similarly, if a hydrate plug 
formed in such a pipeline, the hydrates might be dissociated by pressurization of the 






CHAPTER 10 -  POWER OF THE GIBB’S ENERGY 
MINIMIZATION METHOD IN THIS WORK 
 
The Gibbs energy minimization method for predicting hydrate phase equilibria is 
a powerful tool.  However, the power cannot be realized until predictions are made and 
complete hydrate phase diagrams are generated.  The reason that the potential for the 
method of Gupta (1990) was not realized is that no phase diagrams were made.  The 
previous chapter, analyzing methane, ethane, and propane hydrates, is the first of its kind 
and is solely due to the Gibbs energy minimization procedure. 
The approach to hydrate modeling taken in this work is another powerful tool that 
cannot be realized until predictions of hydrate phase equilibria are made.  In this work, 
several measurements of the hydrate phase were incorporated into the optimization 
procedure.  Extrapolations of the current hydrate database were made using the modified 
hydrate model, resulting in several interesting predictions.  It was these predictions that 
lead to further experiments. 
In this chapter, we present several examples of how predictions from the hydrate 
model guided experimental efforts.  We also present interesting predictions that have not 
yet been experimentally determined. 
 
10.1 Structural Transitions in Hydrates 
 Subramanian et al. (2000a) experimentally determined the lower structural 
transition in the methane+ethane+water system, as discussed in Chapter 9.  This data 
point was used, in conjunction with hydrate formation data for methane, ethane, and 




parameters, predicted the hydrate formation temperatures with greater accuracy than any 
other current hydrate model.  However, of more importance, it predicted the structural 
transition as well. 
To test the quality of the predictions, the upper structural transition point was 
modeled at 274.15 K and predicted to occur at 99.4 mole percent methane.  This 
prediction was used to guide work in our laboratory to measure the upper transition point 
using Raman spectroscopy.  The experimental result was found to be between 99.3 ± 0.06 
mole percent methane.  Figure 10.1 shows pseudo-P-x diagram at 274.15 K with the two 
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~73  and ~99.3 mole%
  
Figure 10.1 Pseudo-P-x diagram for methane+ethane+water at 274.15 K 
 




 In this example, the modeling efforts were of great importance to the 
experimental work.  Instead of taking a shot in the dark at the upper structural 
transition composition, the model predictions were used as an initial guess for it.  This 
saved substantial time and effort on the part of Subramanian (2000). 
 The structural transition found by Jager (2001) in a natural gas system was also 
predicted prior to the experimental confirmation (Figure 7.35).  Just as the predictions led 
to experiments in methane+ethane hydrates, they did so with the lean natural gas.  Jager 
used the predictions as a starting point for his experiments, saving time and effort. 
 
10.2 Pseudo-Retrograde Hydrate Phenomenon 
The pseudo-retrograde hydrate phenomenon described in Chapter 9 was first 
predicted in the ethane+propane+water system using the hydrate model in this work.  
Because this behavior was counter-intuitive to our understanding of hydrates, the 
predictions were used to guide experiments at TUD.  As shown in Figures 9.16 and 9.17, 
the data from TUD confirmed the predictions.  Continuing experimental investigations of 
the pseudo-retrograde behavior in the ethane+propane+water system is being performed 
at TUD (i.e. Figure 9.18).  The work at TUD is being guided by the predictions made 
from this work. 
 Several other binary hydrates are predicted to exhibit the pseudo-retrograde 
behavior: ethane+propylene, ethylene+propane, ethylene+propylene, ethane+i-butane, 
ethylene+i-butane, and propane+propylene to name a few.  Figure 10.2 shows the 
pseudo-P-x diagram for the ethane+i-butane+water system at 275.15 K.  This system is 
similar system to ethane+propane+water system in that ethane+water forms sI while i-
butane+ water forms sII.  Note that the temperature at which the pseudo-retrograde 
phenomenon occurs is lower than in the ethane+propane+water system (277.6 K) due to 
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Figure 10.2 Pseudo-P-x diagram for ethane+i-butane+water at 275.15 K 
  
We hypothesize that pseudo-retrograde phenomena will occur for any binary 
hydrate in which the hydrate formers have fairly low vapor pressures due to intersection 
of the Aq-sII-V and Aq-V-Lhc regions.  Predictions show that the pseudo-retrograde 
phenomenon will not occur in systems in which a significant amount of methane is 
present since methane is well above its critical point.  However, predictions also show 
that the pseudo-retrograde phenomena are not constrained to binary hydrates. 
Pseudo-retrograde phenomena are predicted to occur in multi-component systems 
as well.  Figure 10.3 is a water-free phase amount versus pressure diagram for the 
ethane+propane+n-decane+water system at 277.5 K.  Note that the amount of water in 
the system is not displayed since all predictions are made with excess water.  The top 




between 1 and 6.5 bar, aqueous, vapor, and liquid hydrocarbon phases are present.  At 6.5 
bar sII hydrates form.  As pressure is increased, the amount of sII increases.  As this is 
occurring, the vapor phase is being depleted of light components (ethane and propane) 
while the liquid hydrocarbon phase is increasing due to the increase in pressure 
(condensation of vapor).   
 





















Figure 10.3 Water-free phase amount versus pressure diagram for ethane+ 
propane+n-decane+water at 277.5 K 
 
The amount of sII in the system is predicted to reach a maximum amount at ~8 bar.  The 
sII hydrates then start to dissociate as pressure is increased, completely dissociating at 
~9.6 bar. After sII dissociates, there is a small pressure window in which Aq-V-Lhc are 
present (9.6-10 bar).  The only phases predicted to be present at pressures greater than 10 




phenomenon in this system cannot be explained by the same reasoning as binary 
hydrates. 
 The pseudo-retrograde behavior has only been experimentally confirmed for 
ethane+propane hydrates.  However, the predictions of this behavior in other systems is 
most likely correct.  This may be an area in which further research be performed. 
 
10.3 Hydrates as a Separation Tool 
Glew (1966) proposed and patented the idea of using sII hydrates to separate 
propane and propylene.  This idea has gone unnoticed for over 35 years.  In this section, 
we extend Glews original idea to several other close-boiling compounds using the 
CSMGem program developed in this work.  Normally, vapor-liquid hydrocarbon 
separation processes are used for such compounds.  However, close-boiling binaries 
require so many equilibrium stages that cost dictates investigation of other methods.   
The following close-boiling binary systems were evaluated: 1. propane+ 
propylene, 2. ethane+ethylene, 3. n-butane+i-butane, and 4. n-pentane+i-pentane.  Here 
we show the advantage of idealized, equilibrium, separation processes for the above four 
binaries using aqueous-hydrate-vapor (Aq-H-V) and aqueous-hydrate-liquid hydrocarbon 
separations (Aq-H-Lhc).  For each binary pair, pseudo-T-x and pseudo-x-y diagrams have 
been generated at optimal pressures for standard McCabe-Thiele analysis. 
10.3.1 Propane+Propylene System 
The optimal pressure suggested by Glew (1966) was 6.2 bar.  This pressure was 
chosen such that, at the hydrate formation temperatures for all mixtures of propane and 
propylene, no vapor phase exists.  We performed an analysis at this pressure as well.  
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Figure 10.4 Pseudo-T-x diagram for propane+propylene+water at 6.2 bar 
 
Note that the phases shown in parenthesis represent the binary system without water (i.e. 
no aqueous phase).  As can be seen in Figure 10.4, at the temperature of hydrate 
formation, all mixtures of propane and propylene have condensed to a liquid hydrocarbon 
phase.  The hydrate envelope (Aq-sII-Lhc) is much larger than the hydrocarbon envelope 
(V-Lhc).  This is the main indicator that hydrates could potentially separate the two 
hydrocarbons more efficiently than the standard approach. 
 An alternative to the pseudo-T-x diagram shown in Figure 10.4 is a pseudo-x-y 
diagram at the same pressure.  Pseudo-x-y diagrams are typically used to determine the 
ideal, equilibrium number of stages needed in a distillation column to separate two 
compounds.  Figure 10.5 is the analogous pseudo-x-y diagram for the propane-propylene 






















Figure 10.5 Pseudo-x-y diagram for propane+propylene+water at 6.2 bar 
 
The thin, solid line is the x = y line, the dashed upper line is the distribution between 
vapor and liquid hydrocarbon for a water-free feed, and the thick, solid lower line is the 
distribution between sII hydrate and liquid hydrocarbon.  Note that, for the case of 
hydrates, the aqueous phase composition is not shown.  However, very little propane or 
propylene distribute to the aqueous phase.  Again, the large envelope for the hydrate 
relative to the hydrocarbon indicates an easier separation. 
 The next step in evaluating the propane-propylene separation is to quantitatively 
determine the number of ideal equilibrium stages required to separate the mixture to 
specified compositions.  Figure 10.6 shows the equilibrium stages required to separate a 




















V-Lhc   =  54 stages








Figure 10.6 Pseudo-x-y diagram for propane+propylene+water at 6.2 bar 
showing the equilibrium number of stages 
 
The number of stages required using a standard distillation column at total reflux is 54.  
However, if water is added to the hydrocarbon mixture and hydrates are allowed to form, 
the number of stages is reduced to 9.  This is clear thermodynamic evidence that it may 
be possible to separate this binary mixture using hydrates.  Before we determine whether 
this separation process is feasible, we will first examine other close-boiling systems. 
10.3.2 Ethane+Ethylene System 
For this system, we arbitrarily chose a pressure of 10 bar at which to analyze the 
possibility of hydrate separation.  At this pressure, vapor is present at hydrate forming 




whether a hydrate separation would be easier than a regular hydrocarbon separation.  


















Figure 10.7 Pseudo-x-y diagram for ethane+ethylene+water at 10 bar 
 
From the figure, we can see that the hydrocarbon envelope (V-Lhc) is much larger than 
the hydrate envelope (V-sI).  This indicates that the ethane and ethylene do not 
preferentially distribute much within the hydrate.  Therefore, the standard hydrocarbon 




10.3.3 n-Butane+i-Butane System 
For this system, we arbitrarily chose a pressure of 2 bar at which to analyze the 
possibility of hydrate separation.  At this pressure, liquid hydrocarbon is present at 
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Figure 10.8 Pseudo-T-x diagram for n-butane+i-butane+water at 2 bar 
 
Since n-butane does not form hydrates without another hydrate guest, the hydrate 
formation curve does not extend to the n-butane axis (0 mole fraction i-butane).  Because 
of this, the hydrate formation temperature hits the ice point at a water-free mole fraction 
of 0.67 i-butane.  It would be inefficient to perform the separation at temperatures in 
which an ice phase is present; adding another solid phase to the process would only 




fraction i-butane, the hydrate envelope is much larger than the hydrocarbon envelope.  






















Figure 10.9 Pseudo-x-y diagram for n-butane+i-butane+water at 2 bar 
 
According to Figure 10.9, sII hydrates preferentially incorporate i-butane to n-butane and 
would therefore make the separation much easier.  However, because it is not desired to 
operate at temperatures lower than the ice point, the hydrocarbon feed must have a 
composition of i-butane no less than 0.67.  The separation process would only serve to 
purify i-butane in this case because of the composition limit; so another process must be 
used to purify n-butane.  We will assume, for the time being, that this is what is desired 
(to purify i-butane).  The next step is to quantitatively determine the number of ideal 




shows the equilibrium stages required to separate a 30/70 n-butane-i-butane mixture to a 
























V-Lhc   =  11 stages
sII-Lhc  =    2 stages
  
Figure 10.10 Pseudo-x-y diagram for n-butane+i-butane+water at 2 bar showing 
the equilibrium number of stages (note the expanded scale) 
 
The number of stages required using a standard distillation column at total reflux is 11.  
However, if water is added to the hydrocarbon mixture and hydrates are allowed to form, 
the number of stages is reduced to 2.  Therefore, this is another system in which hydrate 
separation may be feasible. 
10.3.4 n-Pentane+i-Pentane System 
This system is special in that i-pentane forms sH hydrates when present with a 




Therefore, if methane and water are added to an n-pentane+i-pentane mixture, sH 
hydrates may form, essentially leaving a hydrate with only methane and i-pentane as 
guests.  Since the methane-i-pentane pair is a simple system to separate, this may be 
feasible. 
For this system, we arbitrarily chose a pressure of 25 bar to analyze the possibility 
of hydrate separation.  Since this is a quaternary system (four components), we cannot 
analyze the system using pseudo-T-x diagrams as we did for the other systems.  
Therefore, we bypass the pseudo-T-x diagram and look at a pseudo-x-y diagram.  Note 
that the analysis is different even for a pseudo-x-y diagram due to this being a quaternary 
system.  However, an explanation of how to read the pseudo-x-y diagram for this system 



























The compositions shown in Figure 10.11 are on a water-free, methane-free basis.  That is, 
we only look at how the pentanes distribute between phases.  We have chosen to add 9 
moles of methane to every 1 mole of the pentane binary pair.  The amount of methane 
added to the pentane binary system affects the distribution very little.  Note that for 
water-, methane-free compositions below 0.33 i-pentane, sI hydrates are predicted to 
form.  sH hydrates form with ice for compositions below 0.38 i-pentane.  If sI hydrate 
forms, i-pentane will not be included in the hydrate and we do not desire to perform the 
separation with ice present.  Therefore, at this pressure we must keep the feed greater 
than 0.38 i-pentane.  It should be noted that the standard hydrocarbon envelope is not 
shown above.  The V-Lhc envelope shown represents the liquid hydrocarbon composition 
when hydrates are present.  However, the standard V-Lhc envelope is almost identical to 
the V-Lhc envelope with hydrates present. 
 Similar to the n-butane-i-butane system, a separation for the n-pentane-i-pentane 
system will only serve to purify i-pentane.  However, in this system, since n-pentane does 
not enter sH hydrates, we have pure i-pentane at every stage of the column (on a pentane 
basis).  The i-pentane will contain methane, which can easily be separated.  Therefore, we 
need not perform an equilibrium stage calculation. 
10.3.5 Feasibility of a Hydrate Separation Technique 
As can be seen from the above figures, by adding water to a hydrocarbon mixture 
and allowing hydrates to form, the number of stages required to separate the 
hydrocarbons is greatly reduced.  However, this is from a theoretical point of view.  The 
next question to ask is whether it is practicle to use hydrates as a separation tool.  In 
answering this question, several concerns must be addressed. 
By adding water to the hydrocarbon mixture, three potential problems appear: 
 
1. water will distribute between phases, 




3. an aqueous phase is introduced which must be separated.   
 
However, neither of the first two create serious problems due to the low mutual solubility 
of water in the hydrocarbon phase and hydrocarbons in the aqueous phase.  The third 
potential problem is not serious either since the aqueous phase can be easily separated 
using several simple methods (i.e. 1-stage flash distillation, decanting,).  Therefore, the 
addition of water to a hydrocarbon mixture does not create a problem. 
10.3.6 Possible Process for Hydrate Separation Technique 
Traditional distillation processes are performed using continuous distillation.  
However, hydrates are a solid phase and therefore cannot move through the column as 
easily (if at all).  Therefore, the hydrate separation process would most likely need to be a 
batch process.  A first approach to the process is to have formation and dissociation 
chambers.  Hydrates will be formed in the formation chamber at a specified pressure.  
They can then be extracted via mechanical methods and placed in a dissociation chamber.  
Figure 10.12 is a possible schematic of the formation chamber for the propane-propylene 
system at 6.2 bar. 
 
Lhc feed (x0)





















The liquid hydrocarbon is fed to the formation chamber, which is at 6.2 bar and T1, 
containing water.  Since nucleation of hydrates may be a problem, a highly agitated 
system or the addition of a seed hydrate crystal would be recommended.  When a given 
amount of hydrate is formed, they can then be extracted, with any excess water being 
recycled back to the formation chamber.  The hydrates are then transported to a 
dissociation chamber.  Figure 10.13 is a possible schematic of the dissociation chamber. 
 













Figure 10.13 Possible schematic for hydrate dissociation chamber 
 
To reduce cost, the dissociation chamber may be operated at a pressure of 1 bar as long as 
the temperature is above the hydrate dissociation temperature.  Since all hydrates 
discussed above dissociate at temperatures near the ice point, ambient temperature should 
be sufficient and will reduce the cost of heating. 
 The water recovered from the dissociated hydrates can be recycled back to the 
formation chamber at T1.  The Lhc recovered, which will have a higher concentration of 
the most volatile component, can then be sent to another formation chamber at another 




The number of formation chambers needed will be the same as the number of equilibrium 
stages while only one dissociation chamber is needed. 
10.3.7 Question of Hydrate Equilibrium 
Another question to ask is, How accurate it is to assume that each stage of the 
hydrate separation process is an equilibrium stage?  Recent NMR spectroscopic 
measurements by Kini (2002) show that the formation temperature dictates the 
composition of binary hydrates.  For example, in the propane-propylene system shown in 
Figure 10.14, a 30/70 mixture forms hydrates at 276 K and 6.2 bar.  If the hydrates were 
formed at temperatures below 276 K (i.e. 274 K), the hydrate composition will be the 
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This is an important point in reference to whether the hydrate separation process is 
feasible.  What it means is that the hydrate may never be able to reach an equilibrium 
state.  In the case shown in Figure 10.14, this means that we would never be able to 
purify propylene (i.e. marching down the phase diagram to the pure propylene axis).  
However, we would be able to purify propane. 
 We would certainly want to purify both components if possible.  We note that 
Kinis work is for an open system.  In his case, the feed is constant, not changing as 
hydrate forms.  A way to mitigate the feed effect, however, is to close the system and 
allow the feed to change composition.  With high agitation in the formation chamber, the 
hydrates and liquid hydrocarbon should be able to reach equilibrium.  This may require 
two types of formation chambers: one with a 1. constant composition feed stream (open 






CHAPTER 11 -  CONCLUSIONS AND RECOMMENDATIONS 
 
11.1 Conclusions 
This work consisted of several separate steps of research: 1. development of the 
hydrate model, 2. implementation into a multi-phase equilibria program, and 3. analysis 
of the hydrate model.  Conclusions will be stated from each step of the research: 
 
1.  Non-Ideal Solid Solution Hydrate Model: In this work, we have developed the first 
expression for the hydrate volume as a function of temperature, pressure, and 
composition.  The volume model was incorporated directly into the statistical 
thermodynamic model for hydrates, consequently allowing for two of the basic 
assumptions by van der Waals and Platteeuw to be removed: 
 
a. the contribution of the water molecules to the free energy is independent of 
the mode of occupation of the cavities and 
b. the partition function for the motion of a guest in its cage is independent of 
the number and types of guests present. 
 
Assumption (1) was removed by accounting for the energy change, via an activity 
coefficient, associated with the change in hydrate volume from the standard state to the 
real state.  Assumption (2) was removed by making the cage radii (equivalently Langmuir 
constants) functions of the hydrate volume.  The removal of these assumptions was a 
direct result of obtaining an expression for the hydrate volume and lead to the non-ideal 
solid solution hydrate model.  The proposed description of the hydrate cages (i.e. multi-
layered) served to indirectly remove the assumption of spherical cages and provide more 
realistic Kihara potential parameters.  The new hydrate model compared favorably to 4 




2. Expression for Hydrate Fugacity: We have developed an expression for hydrate 
fugacity that follows the same framework as that in all other phases (i.e. aqueous phase 
and pure solid phases).  The requirement that an aqueous or ice phase be present in order 
to calculate the hydrate fugacity is also removed.  The expression is explicit in the 
properties of the empty hydrate as opposed to the difference properties suggested by 
Saito et al. 
 
3. Implementation of Hydrate Model into a Multi-Phase Equilibria Program: The 
proposed hydrate model was implemented into a multi-phase Gibbs energy minimization 
program, CSMGem (also developed in this work).  CSMGem accounts for 3 fluid phases 
(Aq, V, Lhc) and 7 solid phases (Ice, sI, sII, sH, NaCl, KCl, CaCl2).  A new initial guess 
procedure has been proposed using ideal distribution coefficients (K-values).  
Expressions for composition independent, ideal K-values have been derived for 
distribution of all components between all phases.  A complete prescription is given for 
the Gibbs energy minimization procedure and incorporation of all phases. 
 
4. Predictions Above Hydrate Formation: For the first time, we have made predictions of 
hydrate phase equilibria at and above hydrate formation conditions.  Although the Gibbs 
energy minimization procedure has been in the literature for over 10 years, it has never 
been utilized to its full extent.  We have made a complete analysis of the methane, 
ethane, propane, and water systems at and above hydrate formation conditions.  
Interesting phenomena were predicted throughout such as structural transitions, pseudo-
retrograde, and coexistence of sI and sII hydrates.  All interesting phenomena have been 
confirmed via spectroscopic measurements of the hydrate phase. 
 
5. Hydrate Parameter Optimization: The proposed hydrate parameter optimization 
procedure was another first.  Using the Gauss-Newton optimization procedure allowed 




measurements such as hydration numbers, fractional occupancy ratios, and structural 
transitions to constrain the hydrate parameters in the optimization.  This was the first time 
this type of data has been used in optimizing hydrate parameters. 
 
11.2 Recommendations 
The following studies are recommendations, based on conclusions made in the 
previous chapters, for extension of this work: 
 
1. Investigation of Langmuir constants for non-spherical guests: The model proposed in 
this work does very satisfactory predicting hydrate formation temperatures and pressures 
and hydrate phase properties.  However, it is clear that the error in predictions is greater 
with the addition of larger guests in the sII hydrate.  We believe that this work has 
accounted for most of the previous inadequacies in the hydrate model (i.e. high pressure, 
non-spherical cages, and allowing for distortion of lattice and cages).  The predictions for 
xenon hydrate in Figure 7.19 are evidence of the first of these two.  However, one area 
which still needs to be addressed is the assumption of spherical hydrate guests.  When 
McKoy and Sinanoğlu extended the Kihara potential model for use in the hydrate model, 
they derived an alternative expression for rod-like molecules (1963, Eq. 17).  Their 
expression was not used in this work, or any other to date.  It may be worthwhile to try 
this expression for non-spherical hydrate guests. 
 
2. Pseudo-retrograde hydrate phenomenon: The applications of the pseudo-retrograde 
hydrate behavior described in Chapters 8 and 9 are still scarce.  However, this is 
interesting behavior, even from an academic standpoint, and is predicted to occur in 
several systems.  Therefore, we suggest experimentally confirming the pseudo-retrograde 




industrially applicable, however, to investigate the behavior in the multi-component 
hydrates (i.e. ethane+propane+n-decane+water system). 
 
3. Hydrate separation potential: The applicability of hydrate separations (Section 9.3) is 
clear, and it should be investigated.  This idea can be experimentally expanded in three 
main areas: 1. determination of water-free composition of binary hydrates, 2. 
determination of hydrate formation processes in open and closed systems, and 3. 
extension of the proposed separation process.  The water-free composition of hydrates 
can be experimentally found using simple means (i.e. form hydrates  isolate hydrates  
dissociate hydrates  collect gas  analyze composition).  The water-free compositions 
could be determined for two scenarios: forming hydrates at constant gas pressure (open 
system) and forming hydrates in a closed cell (closed system).  This will give an idea of 
how feasible hydrate separations are.  If it is determined that it is viable, further 
refinement of the separation process should be made. 
 
4. Hydration number data: The hydration number can be an important piece of hydrate 
data, if only it could be measured accurately and, most important, consistently.  The 
hypothesis discussed in Section 7.1.2 could be a good start in determining whether or not 
the composition of single hydrates depends on the pressure at which they are formed.  A 
possible experiment to determine this is to form hydrates at several pressures, at a given 
temperature, and vice versa.  Since it takes a significant amount of time to determine the 
hydration number via experiment, we recommend measuring the fractional occupancy 
ratios at each formation condition using Raman spectroscopy.  This would enable the 
experimenter to perform several experiments with the same sample.  Although the 
fractional occupancy does not tell us how much of the guest in the hydrate, it does tell us 





5. More hydrate phase measurements: The development of the hydrate model in this 
work was made possible by several measurements of the hydrate phase via X-ray 
diffraction and Raman and NMR spectroscopy.  Without the data obtained from these 
experiments, we would not have had the theoretical validation for improving the model.  
We believe that this is the type of data that will enable future improvements of the model.   
 
6. More natural gas hydrate data: More measurements of natural gas hydrates are 
needed.  Natural gas hydrate data are the most relevant for flow assurance applications; 
however, it is interesting that these types of data are scarce (59 points for 10 natural 
gases).  For modeling purposes, natural gas hydrate data at low and high pressure are 
needed.  Hydrate phase measurements of these hydrates using XRD and Raman and 
NMR spectroscopy are also recommended. 
 
 The future of hydrate modeling will be very dependent on hydrate phase 
measurements.  Likewise, we believe that the future of hydrate phase measurements will 
be dependent on hydrate modeling.  That is, as the model gets better, more complicated 
systems and extreme conditions will need to be experimentally investigated to test its 








LIST OF SYMBOLS 
Latin Letters 
 a  hard-core radius, activity, cubic lattice parameter 
 c  molar heat capacity (J/mol-K) 
 C  Langmuir constant, number of components 
 D  component molecular diameter (Å) 
 E  objective function, error 
 f  fugacity 
 F  objective function 
 g  molar Gibbs energy (J/mol) 
 h  molar enthalpy (J/mol) 
 J  Jacobian matrix 
 k  Boltzmann constant (J/K), interaction parameter 
 K  distribution coefficient (K-value) 
 P  pressure (bar) 
 r  integration variable 
 R  universal gas constant, hydrate layer radius (Å) 
 s  molar entropy (J/mol-K) 
 S  objective function 
 T  temperature (K) 
 v  molar volume (cm3/mol) 
 x  mole fraction of phase 
 z  mole fraction of feed, coordination number of hydrate cage layer 
    
Greek Letters 
 α  molar phase fraction, volumetric thermal expansion 
 ε  convergence criterion, potential well-depth 
 φ  fugacity coefficient, objective function 
 γ  activity coefficient 
 κ  volumetric compressibility coefficient 
 µ  chemical potential (J/mol) 
 π  number of phases, pi 
 σ  soft-core radius (Å) 
 υ  number of hydrate cavities per water molecule 
 θ  fractional occupancy, stability variable 
 ω  cell potential function 




  property difference between ice/Lw and β phases (current model) 
 ∆  property difference between real H and β phases (proposed model) 
 ∆r  repulsive constant for hydrates 
    
Subscripts 
 Aq  aqueous phase 
 c  critical property 
 f  arbitrary fluid phase 
 H  hydrate phase 
 i  arbitrary component 
 J  hydrate guest component 
 k  arbitrary phase 
 Lw  pure liquid water 
 m  hydrate cavity 
 o  ideal gas at 1 bar 
 r  reference phase 
 S  solid salt phase 
 w  water (as a component) 
 0  property at reference conditions (298.15 K, 1 bar) 
 β  standard empty hydrate lattice 
 *  hypothetical 1 molal solution 
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APPENDIX A - IDEAL DISTRIBUTION COEFFICIENTS 
FOR EACH PHASE 
 
 The initialization of the Gibbs energy minimization algorithm requires a set of K-
values that are composition independent.  That is, we are seeking expressions for the 
distribution of components between each phase in the calculation that is only dependent 
on the component properties.  However, composition independent K-values are not 
always effective.  Therefore, two sets of ideal K-values are generated in the CSMGem 
program, depending on the type of calculation to perform.  The first set is generated using 
composition independent correlations while the second is generated based on incipient 
solid phases.  Each set will be discussed in this appendix. 
 
A.1 Composition Independent Ideal Distribution Coefficients (K-Values) 
 What follows is a listing of the correlations for the distribution of all components 
in all phases.  Derivatives of the correlations are also given for use in T-α and P-α flash 
calculations. 
A.1.1 Vapor and Liquid Hydrocarbon Phases 
The distribution of components between the vapor and liquid hydrocarbon phases 
is expressed by the Wilson correlation for ideal K-values as 
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  i π salt, water.  A.1 
Equation A.1 is applicable for hydrocarbons and non-combustible components.  Other 




between the vapor and liquid hydrocarbon phases.  For water, we have regressed the ideal 
K-values to the following equation 





x a a TK a P
x P
+= = +     i = water.  A.2 
The values for ai have been regressed to predictions of the actual K-value for many 
water-hydrocarbon systems.  Table A.1 lists the regressed values of ai (i=1,2,3). 
 
Table A.1 Parameters for Equation A.2 
a1 a2 a3 
-133.67 0.63288 3.19211E-3 
 
Since we do not know how salts distribute between the vapor and liquid hydrocarbon 








= =      i = salts.   A.3 
Note that an accurate expression for the distribution of the salts between the hydrocarbon 
phases is not necessary since salts are infinitesimally present in either of them. 
A.1.2 Vapor and Aqueous Phases 
The approach taken to describe the distribution of components between the vapor 
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∫      A.4 
and make the following assumptions 
 
1. component i, in the aqueous phase is very dilute and therefore, the activity 
coefficient of component i is approximated by the infinite dilution activity 
coefficient, 




3. the Poynting correction factor (exponential term in Equation A.4) is unity. 
 








γ ∞= = .        A.5 
Note that the saturation pressure, Pisat, and the infinite dilution activity coefficient, iAqγ
∞ , 
can be expressed with well-known correlations.  Lee and Kesler (1975) used a two-
parameter corresponding states equation to express the saturation pressure as 
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T T Ta a a a a
T T T
= + + + , 
T is in Kelvin, and Pisat is in bar.  The parameters for Equation A.6 are given in Table 
A.2. 
 
Table A.2 Parameters for Equation A.6 
a11 5.927140  a21 15.25180 
a12 -6.096480  a22 -15.68750 
a13 -1.288620  a23 -13.47210 
a14 0.169347  a24 0.43577 
 
Note that Equation A.6 is good for all hydrocarbons, predicting experimental data for 
saturation pressure within 1 to 2 percent.  For alcohols and water, however, the standard 


















where T is in K and Pisat is in bar.  The constants can be found in most thermodynamics 
book.  The set used in this work is given in Table A.3. 
 
Table A.3 Parameters for Equation A.7 
 a1 a2 a3 
Water 12.048399 4030.18245 -38.15 
Methanol 11.521061 3391.96113 -43.15 
Ethanol 11.904003 3578.90801 -50.50 
Ethylene Glycol 11.904003 3578.90801 -50.50 
 
Note that the parameters for ethylene glycol are assumed to be the same as those of 
ethanol because we could not find a source for them.  For salts, the saturation pressure is 
assumed to be zero.   
The correlation for the infinite dilution activity coefficient is given by Pierotti et 
al. (1959) as 
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       A.8 
where N1 is the total number of carbon atoms in molecule i (the solute in water).  The 
parameters for Equation A.8 are given in Table A.4. 
 
Table A.4 Parameters for Equation A.8 
 a1 a2 a3 
n-paraffins 0.688 0.642 0 
n-primary alcohols -0.995 0.622 0.558 
 
The infinite dilution activity coefficient for water is assumed to be equal to one.  Note 
that the infinite dilution activity coefficient is not needed for salts since the saturation 




A.1.3 Ice and Aqueous Phases 
Since ice is pure, we can define the following for the ideal K-value for 
components in the ice phase 
 
0        if water
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.      A.9 
We have used freezing point depression data to regress a pressure and temperature 
dependent equation for the composition of water, which is 
 ( ) ( )21 21wAq ice icex a T T a T T= + − + −       A.10 
where 
 ( ) ( )20 1 0 2 0iceT T b P P b P P= + − + − .      A.11 
In the above equation, T0 = 273.1576 K and P0 = 6.11657E-3 bar.  The constants are 
given below. 
 
Table A.5 Parameters for Equations A.10 and A.11 
a1 a2 b1 b2 
8.33076E-3 3.91416E-5 -7.404E-3 -1.461E-6 
 
Note that Equation A.11 represents the pressure dependence of the pure water ice point 
while Equation A.10 represents the depression of the ice point due to composition of the 
aqueous phase. 
A.1.4 Salts and Aqueous Phases 
Since solid salts are pure, we can define the following for the ideal K-value for 
components in the solid salt phases 
 
0        if salt








= =  =




Note that the composition of the salt in water in Equation A.12 needs to be the saturation 
composition of the salt at the given T and P.  In this work, we have used salting out data 
to regress a pressure and temperature dependent equation for saturation composition of 
several salts, which is 
 2 31 2 3 4iAqx a a T a T a T= + + +        A.13 
where the parameters, ai, are given by the correlations 
( )( )1 exp 1i i ia b c P= + − −       i = 1,,4  A.14 
The constants, bi and ci, are listed for each salt in Table A.6. 
  
Table A.6 Parameters for Equation A.14 
 b1 b2 b3 b4 
NaCl 7.1811E-4 1.1215E-3 -4.3613E-6 5.7463E-9 
KCl 3.9347E-1 -5.3151E-3 2.2103E-5 2.6414E-8 
CaCl2 10.9 -9.6298E-2 2.9116E-4 -2.9591E-7 
     
 c1 c2 c3 c4 
NaCl -1.70E-5 1.00E-9 1.00E-10 1.00E-14 
KCl -2.10E-5 1.00E-9 1.00E-10 1.00E-14 
CaCl2 -2.53E-5 1.00E-9 1.00E-10 1.00E-14 
 
Note that the bi parameters account for the temperature dependence while the ci 
parameters account for the pressure dependence. 
A.1.5 Vapor and Hydrate Phases 
Several researchers have developed expressions for the distribution of guest 
molecules between the vapor and hydrate phases.  In 1942, Carson and Katz (1942) 
produced K-value charts for several hydrate formers based solely on experimental data.  
It should be noted that their charts were developed without the knowledge of different 
hydrate structures.  That is, their K-values were structure independent.  Following this 




(1965), Wu et al. (1976), and Poettmann (1984) produced K-value charts for other 
hydrate formers to compliment Carson and Katz original work.  Sloan (1998) has 
summarized this work via an equation.  In 1989, Mann et al. (1989) developed structure 
dependent K-values for sI and sII hydrates with Tohidi et al. (1997) complimenting this 
work for some obscure sII hydrate formers. 
 The K-values given in each of these works is in water-free form.  That is, the 







=          A.15 
For this work, however, we need a K-value that is not water-free.  What follows is a brief 
outline of the method we used to convert these K-values from a water-free basis. 
In this work, we have developed an expression to convert the water-free K-values 
to actual K-values using simple mole fraction balances.  We first note that, as an 
approximation, the content of water in the vapor phase is negligible and therefore, we 
need not convert the vapor composition.  However, the water content of the hydrate is 
















.       A.16 
Solving for the actual composition of component i in the hydrate, we get 
 ( )1wfiH iH wHx x x= − ,        A.17 
and the actual K-value expression is then 
 ( ) ( ) ( )1 1 1
wf wf
iV iV iV i
i wf wf
iH iH wH iH wH wH
x x x KK
x x x x x x
= = ≈ =
− − −
.    A.18 
Equation A.18 gives the actual distribution of components between the vapor and hydrate 
phases.  For components that are not present in the hydrate phase, the K-value is assumed 




of water in the hydrate.  In this work, it is sufficient to assume that the composition of 
water in the hydrate phase is constant: 0.88, 0.90, and 0.94 for sI, sII, and sH hydrates, 
respectively.  The K-value for water must be treated in a different manner, since we only 
have the composition of it in the hydrate phase.  In this case, we use the K-values for the 
distribution of water between the vapor and aqueous phases and ice and aqueous phases.  
That is, 
 wV AqwVw





= =        A.19 
where KwV-Aq and KwIce-Aq are found from Equations A.5 and A.9, respectively.  What 
follows are the expressions for the water-free K-values used in this work. 
 
Vapor and sI Hydrate Phases 
The expression for sI hydrate K-values reported by Mann et al. is used in this 
work.  Note that, in their original work, Mann et al. gave separate expressions for each sI 
hydrate former.  Each expression given in log2 form and was in units of Fahrenheit and 
psia for the temperature and pressure, respectively.  We have grouped all of the 
expressions and developed our own expression for the water-free K-values in term of the 
natural log and in units of Kelvin and bar.  Equation A.20 is the expression we use in this 
work. 
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Table A.7 Parameters for Equation A.20 
 CH4 C2H6 CO2 H2S N2 (w/out H2S) N2 (w/ H2S) 
a1 27.474169 14.81962 15.8336435 31.209396 173.2164 71.67484 
a2 -0.8587468 6.813994 3.119 -4.20751374 -0.5996 -1.75377 
a3 0 0 0 0.761087 0 -0.32788 
a4 6604.6088 3463.9937 3760.6324 8340.62535 24751.6667 25180.56 
a5 50.8806 2215.3 1090.27777 -751.895 0 0 
a6 1.57577 0 0 182.905 0 0 
a7 -1.4011858 0 0 0 0 0 
a8 0 0 0 0 1.441 56.219655 
a9 0 0 0 0 -37.0696 -140.5394 
a10 0 0 0 0 -0.287334 0 
a11 0 0 0 0 -2.07405E-5 8.0641E-4 
a12 0 0 0 0 0 366006.5 
a13 0 0 0 0 0 978852 
 
Note that two sets of parameters are given for nitrogen: one set if hydrogen sulfide is 
present and one set if hydrogen sulfide is not present.  Values for xenon were not 
reported and were therefore taken to be those of methane in this work. 
 
Vapor and sII Hydrate Phases 
The expression for sII hydrate K-values reported by Mann et al. were not used in 
this work due to the fact that they gave unrealistic predictions for propane and i-butane 
hydrates.  Instead, the expression developed by Sloan was used.  Although the expression 
developed by Sloan is structure independent, the predictions for sII hydrates are sufficient 
for the initialization procedure.  We also use the expression given by Tohidi et al. for 
benzene.  The expression given by Sloan is given in units of Fahrenheit and psia for the 
temperature and pressure, respectively, while that by Tohidi et al. is given in Kelvin and 
MPa.  We have combined both expressions into one, which is in units of Fahrenheit and 
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. A.21 
Table A.8 lists the parameters for each sI hydrate former. 
 
Table A.8 Parameters for Equation A.21 
 CH4 C2H6 C3H8 n-C4H10 i-C4H10 N2 CO2 H2S Benzene 
a1 -0.45872 3.21799 -7.51966 -37.211 -9.55128 1.78857 9.0242 -6.42956 -5.9757 
a2 0 0 0 0.86564 0 0 0 0.06192 -1.02387E-3 
a3 0 0 0 0 0 -0.019667 0 0 0 
a4 31.6621 -290.283 47.056 732.2 0 -6.187 -207.033 82.627 0 
a5 -3.4028 181.2694 0 0 0 0 0 0 12.96295 
a6 -7.702E-5 0 -1.697E-5 0 0 0 6.7588E-4 -1.0718E-4 0 
a7 0 0 7.145E-4 0 0.001251 0 -6.992E-3 0 7.40216E-4 
a8 0 -1.893E-5 0 1.9711E-3 2.1036E-6 5.259E-5 -6.0794E-4 0 0 
a9 1.8641 1.882 0 -15.6144 2.40904 0 -9.026E-2 3.493522 0 
a10 -0.78338 -1.19703 0.12348 0 -2.75945 0 0 -0.64405 0 
a11 0 -402.166 79.34 0 0 0 0 0 0 
a12 0 -4.897688 0 -4.56576 0 0 0 0 0.0282 
a13 0 0.0411205 0.0160778 0 0 0 0.0186833 0 0 
a14 -77.6955 -68.8018 0 0 0 0 0 -184.257 0 
a15 0 25.6306 -14.684 300.5535 -0.28974 192.39 0 0 0 
a16 -2.3E-7 0 5.50E-6 0 0 0 8.82E-5 -1.30E-6 1.11529E-6 
a17 -6.102E-5 0 0 0.0151942 -1.6476E-3 3.051E-5 7.78015E-3 0 0 
a18 0 0 0 -1.26E-6 -1.0E-8 1.1E-7 0 0 0 
a19 0 0 0 0 0 0 0 0 -0.12898 
 
Vapor and sH Hydrate Phases 
An expression for the distribution of components between the vapor and sH 
hydrate phases has not been reported in the literature.  However, an evaluation of sH 
hydrate equilibria shows that the pressures and temperatures of sH hydrate formation are 
similar to those of sI hydrates with the same guest component.  Therefore, in this work, 




the small guest (sI former), it does not give that of the large sH hydrate former.  
However, this approach gives a reasonable estimate. 
A.1.6 Derivatives of Ideal K-Values for Each Phase 
For flashes in which we are seeking the temperature or pressure at which a given 
phase forms, we need expressions for the derivatives of each K-value with respect to the 
temperature or pressure.  What follows are each of these derivatives of each of the Ideal 
K-values given previously. 
 
Vapor and Liquid Hydrocarbon Phases 
Derivatives of Equation A.1 





  for i π salt, water  A.22a 





    for i π salt, water   A.22b 





    for i = water    A.23a 
1 2
3 2




   for i = water    A.23b 
Vapor and Aqueous Phases 
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Ice and Aqueous Phases 
Derivatives of Equation A.9 
  
2
0                     if water









∂  ∂=  − =∂  ∂
     A.25a 
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0                     if water
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     A.25b 
The derivatives of the composition of water, Equation A.10, are given as 
( )1 22wAq ice
x





      A.25c 
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.      A.25e 
Salts and Aqueous Phases 
Derivatives of Equation A.12 
  
2
0                   if salt
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     A.26a 
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0                   if salt
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The derivatives of the composition of water, Equation A.13, are given as 
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2 3 42 3





      A.26c 
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,4.  A.26e 
Vapor and Hydrates Phases 






















   i ≠ water  A.27b 
Derivatives of Equation A.19 
2
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Derivatives of the water-free K-values 
sI (Equation A.20) 
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sII (Equation A.21) 
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 A. 27h 
sH (same as for sI) 
A.1.7 Combining Ideal K-Values With Respect to a Reference Phase 
Note that we need to define a K-value that corresponds to some reference phase.  
Therefore, we will do that now for the most probable reference phases (in order of 
preference): Aq, V, Lhc, Ice, NaCl, KCl, CaCl2.  We have derived the following K-value 























































Therefore, we seek expressions of the form in Equation A.28 with respect to each phase.  
During the iterative process, several reference phases may be tested.  Therefore, it is 
necessary to determine the reference phase specific form of the K-values for each 
possible reference phase.  Note that all phases may be a reference phase except for the 
hydrate phases.  Table A.9 gives the forms of the K-values for each possible reference 
phase. 
 
Table A.9 K-values for each phase with respect to each possible reference phase 
 Reference Phase 
 V Lhc Aq Ice NaCl KCl CaCl2 





























































































































































































































































































































































A.1.8 Derivative of Ideal K-Values With Respect to Temperature and Pressure 
From the previous section, we have the ideal K-values for each phase with respect 
to all possible reference phases.  We will now take temperature and pressure derivatives.  
Note that T or P will be denoted by y for simplicity.  Table A.10 lists the derivatives. 
 
Table A.10 Derivatives of K-values for each phase and each possible reference 
phase with respect to y (temperature or pressure) 
 
 Reference Phase 
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Table A.10 Derivatives of K-values for each phase and each possible reference 
phase with respect to y (temperature or pressure) (continued) 
 
 Reference Phase (r) 
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A.2 Incipient Solid Phase Based Ideal K-Values 
 This set of ideal K-values is used when the composition independent K-values 
cannot give an appropriate initial guess.  The assumption used in the development of this 




strict of an assumption.  However, it may not work well if solid phases are present in 
large amounts. 
In obtaining these ideal K-values, the fugacity of components in each phase must 
be calculated.  As stated in Chapter 2 (Section 2.4), this approach can be time-intensive 
and therefore is not used unless necessary.  What follows is the approach in obtaining the 
K-values. 
A.2.1 Vapor and Liquid Hydrocarbon Water-Free Compositions 











   i, j ≠ water, salts.    A.28 
To initialize the composition and phase fractions of the vapor and liquid hydrocarbon 
phases Equation A.1 is used to give the distribution of the components.  The following 
procedure is used: 
 
1. find Pdew using Rachford-Rice equations 




= , and αV = 1 (stop) 
3. find Pbub using Rachford-Rice equations 
4. if P > Pbub then iL ix z= , iV i ix z K= , and αV = 0 (stop) 
5. find αV using Rachford-Rice equations 








 and iV iL ix x K=  (stop) 
 
This procedure gives the distribution of all components but water and salts in the 
hydrocarbon phases.  It also gives the relative amounts of V (αV) and Lhc (1-αV).  After 




A.2.2 Pure Solid Phase Compositions 
 The composition of all solid phases are set with the knowledge that only one 
component can enter the phase (i.e. for ice, xwater = 1).  The phase amounts of each pure 
solid phase are assumed to be equal to zero.  The composition of all components not 
included in the pure solid phases is assumed to be 1E-100. 
A.2.3 Aqueous Phase Composition 
We determine the aqueous phase composition by performing two 2-phase flashes: 
1. V and Aq and 2. Lhc and Aq.  In performing these flashes, we use the fugacity models 
described in Chapter 3.  The amount of the feed for each of these flashes is different and 






















   i ≠ water     A.30 
 
where zwater is the overall composition of water in the feed.  Note that alcohols will 
preferentially go into the aqueous phase at most conditions.  However, if salts are present 








∑  i ≠ salts     A.31 
and 
iAq ix z=    i = salts.     A.32 




A.2.4 Hydrate Phase Composition 
At this point, all phase compositions have been initialized except for the hydrate 
phases.  The composition of the hydrates is determined from Equation 3.50, using the 
fugacity of the aqueous phase to determine the fractional occupancy of each guest 
(Equation 3.41). 
A.2.5 Calculate Ideal K-Values 
 With the compositions of each phase, we make the assumption that all phases are 





= .         A.33 
The choice of the reference phase is arbitrary.  However, an aqueous, vapor, or liquid 
hydrocarbon phase is suggested. 
A.2.6 A Note on the Use of the Incipient Solid Phase Based Ideal K-Values 
 Since the procedure used in obtaining this set of ideal K-values is an iterative one, 
derivatives cannot be taken.  This is not a problem for a T-P flash.  However, it does pose 
problems in T-α and P-α flashes, in which the T or P is iteratively calculated.  If this set 
of ideal K-values is needed for this type of flash calculation, the T or P is calculated 
independent of the ideal K-values.  What follows is a description of the procedure used to 
determine temperature or pressure at which a phase first forms. 
 
Saturation Point of Aqueous Phase (αAq = 0) 
 The saturation T/P at a given P/T is calculated via rearrangement of Equation A.5.  
The composition of water in the vapor phase is assumed to be the salt-free composition of 
the feed.  The composition of water in the aqueous phase is assumed to the hydrocarbon-
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       A.34 









= − + 
       A.35 
where ai (i=1,2,3) are given in Table A.3. 
 
Ice Point (αIce = 0) 
 The T/P of the ice point is determined via Equations A.10 and A.11.  The 
composition of water in the aqueous phase is assumed to the hydrocarbon-free 
composition of the feed.  The composition of water in the ice phase is assumed to be one.  
To determine the ice point T at P, calculate the pressure dependent ice point T using 
Equation A.11.  Plug this into Equation A.10 for Tice and solve for T. 










= −       A.36 
where ai (i=1,2) are given in Table A.5.  To determine the ice point P at T, calculate Tice 
from 










= +       A.37 
using the assumed xwAq.  Plug this into Equation A.11 for Tice and solve for P. 





iceb b b TP
b
+ + −
= −       A.38 






Salt Point (αSalt = 0) 
 The T/P of the salt point is determined via Equations A.13 and A.14.  The 
composition of the salt in the aqueous phase is assumed to the hydrocarbon-free 
composition of the feed.  The composition of the salt in the salt phase is assumed to be 
one.  To determine the salt point T at P, calculate the pressure dependent salt point ai 
parameters using Equation A.14.  Plug these into Equation A.13 and solve for T. 
 13 23 2
4 4 4
0SAq
a xa aT T T
a a a
−
+ + + =       A.39 
The method of Cardan (Struik, 1969) is used to solve for T.  To determine the salt point P 
at T, solve for P using a combined form of Equations A.13 and A.14: 
2 3




b a T a T a T x
P
c
 + + + + − = +      A.40 
where bi and ci (i=1,2,3,4) are given in Table A.6 and the expressions for ai (i=2,3,4) are 
given by Equation A.13.  Note that the ai terms are pressure dependent, making the 
solution to Equation A.40 an iterative approach. 
 
Hydrate Point (αH = 0) 
The initial guess for the hydrate formation T/P uses the generalization of gas 
gravity suggested by Katz (1945).  Looking at most of the hydrate formation data in the 
literature as a function of specific gravity, we have developed an equation that gives a 
decent initial guess for the T or P based solely on the gravity of the feed mixture.  The 
equation, explicit in P or T, is of the form 
[ ]expP a bT= +         A.41 
ln P aT
b
−=          A.42 
where, 

















,        A.45 
and MWair = 28.95 g/mol.  Katz had originally used the gas gravity, in which zi in 
Equation A.45 was the composition of the vapor phase.  However, in this work, we do 
not know the composition of the vapor phase, and therefore use the normalized feed of 
the hydrate guests.  The constants used in Equations A.43 and A.44 are given in Table 
A.11. 
 
Table A.11 Parameters for Equations A.43 and A.44 
 1 2 3 4 
a -0.2068 1.0960 -1.1790 0.4236 
b 74.473 -347.130 367.240 -129.750 
 
Figure A.1 shows the predictions from Equation A.41 versus known experimental data.  
The hydrate formation pressure is plotted versus the gravity (from Equation A.45) of the 



























T = 277.6 K
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Figure A.1 Plot of hydrate formation pressure versus gravity of hydrate formers 
 
As can be seen, Equation A.41 gives a decent approximation of the hydrate formation 
temperatures and pressures. 
 It should be noted that all equations used in this section for the initial formation 
temperature or pressure of a phase are used as a starting point for the initialization 





APPENDIX B - SOLUTION SCHEME FOR DIFFERENT 
CALCULATIONS 
 
 In minimizing the Gibbs energy at a given set of K-values via Newtons method, 
the following equation needs to be solved 
J x f∆ =
##
         B.1 
which is derived from the least squares problem.  The matrix J is the Jacobian matrix, ∆x 
is the correction vector, and f is the objective vector.  Note that we are solving for ∆x 
such that f = 0.  The Jacobian matrix is just the derivative of the objective functions with 
respect to each element in ∆x.  For a flash at a given temperature and pressure, Equation 
B.1 is of the form 
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   B.2 
where the objective functions Ek and Sk are defined by Equations 2.16 and 2.10, 




αj(n+1) = αj(n)-∆αj, where the superscripts refer to the iteration number.  The derivatives 
shown in Equation B.2 are given in Chapter 2 of this thesis.  The Jacobian matrix size is 
2π x 2π.  In this work, Kramers rule is used to solve for the correction vector. 
For a temperature or pressure and specified phase fraction, αj, flash, the objective 
functions to solve for are E1Eπ and S1Sj-1, Sj+1Sπ.  The variables to solve for are 
α1α  j-1, T or P, α  j+1α π, and θ1θ j-1, θ j+1θ π.  Note that αj is equal to the specified 
phase fraction and θj is equal to zero, and therefore do not need to be solved for.  
However, the objective function Ej is still needed as a constraint whereas Sj is not.  The 
Jacobian matrix size is 2π-1 x 2π-1. 
For an expansion calculation described in Chapter 2, the objective functions to 
solve for are E1Eπ, S1Sπ, and Eh or s.  The objective function Eh or s is defined by 
Equation 2.22.  The variables to solve for are α  1α π, θ1θ π, and T.  The Jacobian 





APPENDIX C - DATA USED FOR PARAMETER 
OPTIMIZATION 
 
 This appendix lists each data set used in the optimization of parameters in the 
fugacity models.  The listing is here, as opposed to the body of the thesis, for ease of 
reading.  Two types of data are listed here: water content data and hydrate formation data.  
All other types of data used in the optimization are listed in the body of the thesis as it 
was used (i.e. triple points of ice and hydrate phase properties). 
 
C.1 Water Content Data 
 The approach taken for optimizing the interaction parameters for water and other 
components was to use data for the binary pair water-component when available.  If data 
was not available for the single gas with water, data on binary gas mixtures with water 
was used.  Table C.1 is a listing of the data used in the optimization of the interaction 
parameters. 
 
Table C.1 Water content data used for optimization of interaction parameters 
Gas Researcher 
Methane Olds et al. (1942), Kremer (1982) 
Ethylene Anthony and McKetta (1968) 
Ethane Reamer et al. (1943), Parrish et al. (1982) 
Propylene Parrish et al. (1982) 
Propane Parrish et al. (1982), Sloan et al. (1987) 
n-Butane Black et al. (1948), Brooks et al. (1951) 
i-Butane Black et al. (1948), Parrish et al. (1982) 
n-Pentane Black et al. (1948), Polak and Lu (1973) 










Benzene Staveley et al. (1943), Black et al. (1948), Englin et al. (1965), Polak and Lu (1973), Tsonopoulos and Wilson (1983) 
n-Hexane Black et al. (1948), Englin et al. (1965), Polak and Lu (1973), Tsonopoulos and Wilson (1983) 
Neohexane Polak and Lu (1973) 
2,3-Dimethylbutane Englin et al. (1965), Polak and Lu (1973) 
Toluene Englin et al. (1965), Polak and Lu (1973) 
n-Heptane Black et al. (1948), Englin et al. (1965), Schatzberg (1963), Polak and Lu (1973) 
Ethylcyclohexane Brady et al. (1982), Heidman et al. (1985) 
n-Octane Black et al. (1948), Englin et al. (1965), Polak and Lu (1973), Brady et al. (1982), Heidman et al. (1985) 
n-Nonane Schatzberg (1963) 
n-Decane Schatzberg (1963) 
Nitrogen Gillespie and Wilson (1980) 
Hydrogen Sulfide Gillespie and Wilson (1980), Kremer (1982) 
Carbon Dioxide Kremer (1982) 
 
It should be noted that the data by Anthony and McKetta (1968) was for ethylene+ethane 
gas mixtures.  However, the interaction parameter for ethane-water was determined first 
using data for ethane+water mixtures, and then the ethylene-water interaction parameter 
was regressed to the data by Anthony and McKetta.  For components that are not listed in 
Table C.1, the interaction parameters were determined via molecular weight and carbon 
number correlations (Tsonopoulos, 2001). 
 
C.2 Hydrate Formation Data 
 This data was used for optimization of the Kihara potential parameters.  What is 





Table C.2 Data used for single guest hydrates 
Hydrate Former Hydrate T Range (K) P Range (bar) Researcher 
273.2-286.7  26.4-108.0 Roberts et al., 1940 
273.7-285.9 27.7-97.8 Deaton and Frost, 1946 
295.7-302.0 339.9-775.0 Kobayashi and Katz, 1949 
285.7-301.6 96.2-680.9 McLeod  and Campbell, 1961 
290.2-301.6 159.0-654.0 Marshall et al., 1964 
273.2-294.3 26.5-285.7 Jhaveri and Robinson, 1965 
283.2-288.7 71.0-131.1 Galloway et al., 1970 
275.2-291.2 30.2-185.5 Verma, 1974 
273.3-286.0 26.9-100.4 de Roo et al., 1983 
275.4-281.2 28.7-61.0 Thakore and Holder, 1987 
Methane sI 
273.4-286.4 26.8-105.7 Adisasmito et al., 1991 
273.2-290.8 5.6-49.1 Diepen and Scheffer, 1950 Ethylene sI 279.5-303.8 11.7-920.0 Sugahara et al., 2000 
273.4-287.0 5.5-30.5 Roberts et al., 1940 
273.7-286.5 5.1-27.3 Deaton and Frost, 1946 
279.9-287.4 9.7-33.0 Reamer et al., 1952 
277.6-282.5 8.1-15.5 Galloway et al., 1970 
277.5-286.5 7.8-26.2 Holder and Grigoriou, 1980 
278.8-288.2 9.5-33.6 Holder and Hand, 1982 
Ethane sI 
277.8-287.2 8.5-30.8 Avlonitis, 1988 
Propylene sII 273.0-274.1 4.7-6.0 Clark et al., 1964 
273.2-278.0 1.7-4.7 Miller and Strong, 1946 
273.7-277.1 1.8-3.9 Deaton and Frost, 1946 
274.3-277.2 2.4-4.1 Reamer et al., 1952 
274.3-278.9 2.1-5.5 Robinson and Mehta, 1971 
274.2-278.4 2.1-5.4 Kubota et al., 1972 
273.9-278.4 1.9-5.6 Verma, 1974 
274.2-278.2 2.2-5.1 Thakore and Holder, 1987 
Propane sII 
273.6-278.0 2.1-5.1 Patil, 1987 
273.2-275.1 1.1-1.7 Schneider and Farrar, 1968 
273.2-275.0 1.2-1.7 Rouher and Barduhn, 1969 i-Butane sII 
274.4-274.6 1.3-1.6 Thakore and Holder, 1987 
272.0-291.0 144.8-958.6 Van Cleeff and Diepen, 1960 
277.6-286.7 249.3-637.1 Marshall et al., 1964 Nitrogen sI and sII 
273.2-281.1 162.7-351.6 Jhaveri and Robinson, 1965 
283.2-302.7 3.1-22.4 Bond and Russell, 1949 Hydrogen  





Table C.2 Data used for single guest hydrates (continued) 
Hydrate Former Hydrate T Range (K) P Range (bar) Researcher 
273.7-282.9 13.2-43.2 Deaton and Frost, 1946 
277.2-283.1 20.4-45.0 Unruh and Katz, 1949 
271.8-283.2 10.5-45.0 Larson, 1955 
273.9-283.3 13.8-44.7 Robinson and Mehta, 1971 
271.6-283.2 10.4-45.1 Vlahakis et al., 1972 
279.6-282.8 27.4-43.6 Ng and Robinson, 1985 
Carbon Dioxide sI 
274.3-282.9 14.2-43.7 Adisasmito et al., 1991 
273.2-323.4 1.5-942.5 Aaldijk, 1971 Xenon sI 290.5-320.6 9.3-690.2 Ohgaki et al., 2000 
 
Table C.3 Data used for binary guest hydrates of sI and sII 
Hydrate Formers Hydrate T Range (K) P Range (bar) Researcher 
274.8-283.2 9.5-56.7 Deaton and Frost, 1946 Methane, Ethane sI and sII 279.4-287.8 9.9-30.8 Holder and Grigoriou, 1980 
274.8-283.2 2.7-30.1 Deaton and Frost, 1946 Methane, Propane sII 274.4-282.3 2.6-9.5 Verma et al., 1974 
274.8-277.6 13.2-18.4 Deaton and Frost, 1946 Methane, i-Butane sII 273.8-290.9 1.6-100.7 Wu et al., 1976 
274.8-280.4 20.5-40.8 Deaton and Frost, 1946 Methane,  
         n-Butane sII 276.0-287.6 20.5-110.5 Ng and Robinson, 1976 
Methane, Nitrogen sI 273.2-295.2 39.0-343.3 Jhaveri and Robinson, 1965 
275.5-285.7 19.9-70.0 Unruh and Katz, 1949 Methane, CO2 sI 273.7-287.6 14.5-109.5 Adisasmito et al., 1991 
Methane, H2S sI 276.5-295.4 10.3-67.9 Noaker and Katz, 1954 
Methane, Benzene sII 275.5-287-5 15.1-85.7 Danesh et al., 1993 
Ethane, Propane sI and sII 273.1-283.3 4.4-20.3 Holder and Hand, 1982 
Ethane, CO2 sI 273.5-287.8 5.7-40.8 Adisasmito and Sloan, 1992 
Propane, i-Butane sII 275.3-277.9 21.3-49.0 Paranjpe et al., 1987 
Propane, Nitrogen sII 275.1-289.2 2.6-180.9 Ng et al., 1977, 1978 








Table C.4 Data used for binary guest hydrates of sH (methane+) 
sH Hydrate Former T Range (K) P Range (bar) Researcher 
275.2-279.0 26.5-41.5 b i-Pentane 274.0-277.4 22.4-35.0 g 
2,3-Dimethyl-1-Butene 275.7-280.8 25.3-48.1 c 
3,3-Dimethyl-1-Butene 276.2-281.4 20.2-38.7 c 
276.5-280.8 22.0-38.1 c 
279.2-287.8 32.2-100.1 d Methylcyclopentane 
278.2-287.0 26.4-86.3 e 
276.0-282.2 16.0-33.4 b 
285.4-288.2 52.2-75.1 d Neohexane 
275.0-282.8 14.2-37.5 g 
275.9-280.8 20.8-38.0 c 2,3-Dimethylbutane 282.6-286.4 49.5-81.9 d 
Cycloheptane 281.4-290.4 33.9-109.3 f 
Ethylcyclopentane 280.2-287.4 35.9-91.3 d 
280.2-290.4 30.0-112.0 a 
275.6-281.2 16.0-33.6 c 
282.6-290.3 39.9-105.0 d 
277.1-287.1 20.4-73.9 h 
Methylcyclohexane 
273.6-290.6 13.5-119.3 i 
2,2,3-Trimethylbutane 275.6-280.9 14.8-27.0 c 
2,2-Dimethylpentane 286.6-290.0 37.9-71.5 d 
274.8-281.3 17.3-39.3 c 3,3-Dimethylpentane 280.6-286.4 36.2-72.8 d 
275.8-281.0 18.7-34.3 c cis-1,2-Dimethylcyclohexane 282.0-290.0 40.0-113.2 d 
1,1-Dimethylcyclohexane 280.2-293.2 20.0-115.3 f 
Ethylcyclohexane 283.6-286.0 63.0-89.0 f 
    
a - Becke et al., 1992  
b - Mehta and Sloan, 1993  
c - Mehta and Sloan, 1994  
d - Thomas and Behar, 1994  
e - Danesh et al., 1994  
f - Thomas and Behar, 1995  
g - Hutz and Englezos, 1996  
h - Tohidi et al., 1996  






APPENDIX D - COMPLETE LISTING OF MODEL 
PREDICTION COMPARISONS 
 
The results are given as the average error either in temperature or pressure.  The 
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and are given in Kelvin and bar, respectively.  The temperature and pressure ranges for 
all results are reported in K and bar, respectively.  The following abbreviations are used 
for each hydrate program: CG (CSMGem), CH (CSMHYD), DB (DBRHydrate), MF 
(Multiflash), and PV (PVTsim).  The number of data points used in the comparisons is 
given in parenthesis. 
 
D.1 Single Hydrates 
Table D.1 Methane hydrate formation T/P at experimental P/T (181 pts) 
T and P Range Temperature Error (K) Pressure Error (%) 
T P CG CH DB MF PV CG CH DB MF PV 
190-273 0-24 1.89 NA 1.14 -0.01 0.09 -9% 5% -7% -1% -16% 
273-286 26-100 -0.04 0.25 -0.18 -0.08 -0.33 0% -2% 2% 1% 4% 
286-306 100-1000 0.02 1.15 -0.82 0.30 -0.26 0% -12% 12% -3% 3% 
306-321 1000-5000 1.95 4.73 NA 6.48 3.13 -17% -40% NA -28% NA 
All Aq-H-V Data<1000 0.67 -0.44 0.08 -0.30 0.67 0% -6% 6% -1% 3% 









Table D.2 Ethylene hydrate formation T/P at experimental P/T (78 pts) 
T and P Range Temperature Error (K) Pressure Error (%) 
T P CG CH DB MF PV CG CH DB MF PV 
269-273 0-5.3 0.42 NA 0.57 0.61 NA -2% -6% -3% -3% NA 
273-292 5.3-100 -0.32 0.08 -0.11 -0.43 NA 6% -2% 2% 9% NA 
292-304 100-1000 0.33 0.69 -0.01 -0.31 NA -4% -9% 0% 7% NA 
304-328 1000-5000 0.24 7.71 NA 5.45 NA -1% -27% NA -17% NA 
All Aq-H-V Data<1000 -0.15 0.27 -0.09 -0.40 NA 3% -4% 1% 9% NA 
All Data 0.00 2.38 -0.01 1.25 NA 1% -10% 1% 1% NA 
 
Table D.3 Ethane hydrate formation T/P at experimental P/T (112 pts) 
T and P Range Temperature Error (K) Pressure Error (%) 
T P CG CH DB MF PV CG CH DB MF PV 
200-273 0-5 0.63 NA -0.02 0.71 -0.24 -3% 2% 1% -2% 3% 
273-288 5-33 0.08 0.69 0.05 0.43 -0.34 -1% -9% 1% -6% 5% 
288-289 33-100 -0.09 0.95 -0.77 0.32 -0.59 11% -32% 27% -21% 61% 
289-299 100-1000 -0.08 1.81 -2.28 0.62 -0.06 0% -38% 15% -17% 7% 
299-324 1000-5000 -1.24 3.23 NA -0.78 -0.99 8% -17% NA 3% NA 
All Aq-H-V Data 0.08 0.69 0.05 0.43 -0.34 -1% -9% 1% -6% 5% 
All Data -0.12 1.20 -0.17 0.25 -0.47 2% -13% 6% -6% 14% 
 
Table D.4 Propylene hydrate formation T/P at experimental P/T (19 pts) 
T and P Range Temperature Error (K) Pressure Error (%) 
T P CG CH DB MF PV CG CH DB MF PV 
273-274.3 4.6-6.1 -0.04 NA -0.08 0.27 NA 1% 3% 1% -6% NA 
274.5-275 6.1-11 -0.57 NA 1.62 -0.30 NA NA NA NA NA NA 
All Aq-H-V Data -0.04 NA -0.08 0.27 NA 1% 3% 1% -6% NA 
All Data -0.12 NA 0.18 0.18 NA 1% 3% 1% -6% NA 
 
Table D.5 Propane hydrate formation T/P at experimental P/T (92 pts) 
T and P Range Temperature Error (K) Pressure Error (%) 
T P CG CH DB MF PV CG CH DB MF PV 
273-278 1.5-5.4 0.17 0.09 -0.02 -0.25 0.01 -4% -1% 0% 6% 0% 
278-278 5.4-170 0.04 0.19 -0.30 -0.52 -0.13 -10% 650% -36% NA 15% 
All Aq-H-V Data 0.17 0.09 -0.02 -0.25 0.01 -4% -1% 0% 6% 0% 










Table D.6 i-Butane hydrate formation T/P at experimental P/T (52 pts) 
T and P Range Temperature Error (K) Pressure Error (%) 
T P CG CH DB MF PV CG CH DB MF PV 
240-273 0-1 1.61 NA -4.63 -0.10 -5.97 -10% 14% 59% 1% 30% 
273-275 1-1.7 0.13 NA -0.11 0.20 0.45 -3% -6% 55% -4% -9% 
275-276 2-150 -0.27 0.02 -0.34 -0.12 0.20 -73% 205% 1049% 511% -65% 
All Aq-H-V Data 0.13 NA -0.11 0.20 0.45 -3% -6% 55% -4% -9% 
All Data 0.37 0.02 -1.00 0.10 -0.82 -12% 23% 170% 56% -8% 
 
Table D.7 Nitrogen hydrate formation T/P at experimental P/T (79 pts) 
T and P Range Temperature Error (K) Pressure Error (%) 
T P CG CH DB MF PV CG CH DB MF PV 
268-272 129-141 0.33 NA 0.30 -0.01 -0.38 -1% -10% NA 0% 1% 
272-291 158-1000 0.05 0.57 0.05 0.27 -0.08 0% -5% 0% -3% 1% 
291-307 1000-3500 -0.57 0.35 NA 0.36 -1.21 6% -3% NA -3% NA 
All Aq-H-V Data<1000 0.05 0.57 0.05 0.27 -0.08 0% -5% 0% -3% 1% 
All Data -0.04 0.50 0.11 0.24 -0.36 1% -6% 0% -2% 1% 
 
Table D.8 H2S hydrate formation T/P at experimental P/T (54 pts) 
T and P Range Temperature Error (K) Pressure Error (%) 
T P CG CH DB MF PV CG CH DB MF PV 
250-273 0-1 1.36 NA -0.23 -0.12 4.79 -7% 13% 1% 1% -24% 
283-301 3-21 0.73 0.41 0.47 0.85 0.70 -8% -4% -5% -9% -8% 
301-303 21-100 -0.11 0.01 -0.32 0.27 -0.20 41% 0% 38% -20% 74% 
303-306 100-1000 0.16 0.20 -0.74 0.17 -0.11 -7% -10% 60% -13% 7% 
All Aq-H-V Data 0.73 0.41 0.47 0.85 0.70 -8% -4% -5% -9% -8% 
All Data 0.64 0.29 0.01 0.45 1.27 0% -1% 13% -9% 4% 
 
Table D.9 CO2 hydrate formation T/P at experimental P/T (195 pts) 
T and P Range Temperature Error (K) Pressure Error (%) 
T P CG CH DB MF PV CG CH DB MF PV 
150-272 0-10.5 0.81 NA 0.72 -0.62 -0.23 -7% 13% -5% 5% -15% 
272-283 10.5-45.1 -0.16 0.11 0.01 -0.65 0.04 4% -1% 1% 19% 1% 
283-283 45.1-100 0.11 0.79 0.16 -0.45 0.23 -11% -35% -14% 52% -19% 
283-289 100-1000 -0.02 1.49 -0.14 -0.24 0.43 0% -41% 5% 16% -13% 
289-292 1000-8000 -4.54 7.96 NA 5.76 6.48 12% -58% 2% -40% -25% 
All Aq-H-V Data -0.16 0.11 0.01 -0.65 0.04 4% -1% 1% 19% 1% 








Table D.10 Xenon hydrate formation T/P at experimental P/T (139 pts) 
T and P Range Temperature Error (K) Pressure Error (%) 
T P CG CH DB MF PV CG CH DB MF PV 
211-268 0-1 1.24 NA 0.18 NA NA -6% 9% 3% NA NA 
273-291 1-10 -0.04 0.40 0.72 NA NA 1% -2% -6% NA NA 
292-311 10-100 0.08 1.17 1.23 NA NA 0% -13% -13% NA NA 
311-323 100-1000 0.12 2.48 -0.13 NA NA -1% -31% 5% NA NA 
323-344 1000-3800 -0.13 5.35 NA NA NA 1% -26% NA NA NA 
All Data < 1000 0.04 1.24 0.78 NA NA 0% -13% -7% NA NA 
All Data 0.06 1.97 0.75 NA NA 0% -14% -6% NA NA 
 
D.2 Binary Hydrates 
Table D.11 Methane+ethane hydrate formation T/P at experimental P/T (54 pts) 
Methane Temperature Error (K) Pressure Error (%) 
x Range CG CH DB MF PV CG CH DB MF PV 
0.02-0.60 0.11 0.71 -0.01 0.24 -0.37 -1% -8% 1% -3% 6% 
0.80-0.95 0.29 0.57 -0.23 0.89 -0.03 -4% -2% 4% -11% 0% 
0.95-0.99 0.11 -0.47 -0.12 0.22 -0.29 -1% 6% 1% -2% 4% 
All Data 0.20 0.45 -0.13 0.53 -0.19 -3% -3% 2% -7% 3% 
 
Table D.12 Methane+propane hydrate formation T/P at experimental P/T (54 pts) 
Methane Temperature Error (K) Pressure Error (%) 
x Range CG CH DB MF PV CG CH DB MF PV 
0.20-0.40 -0.14 0.39 0.11 -0.04 0.44 2% -6% -2% 1% -7% 
0.70-0.95 0.09 0.46 -0.72 -0.35 -0.35 -1% -5% 13% 5% 8% 
0.95-0.99 0.63 0.80 -0.56 -0.05 -0.08 -7% -9% 9% 1% 3% 
All Data 0.26 0.59 -0.42 -0.13 -0.02 -3% -7% 7% 2% 1% 
 
Table D.13 Methane+i-butane hydrate formation T/P at experimental P/T (87 pts) 
Methane Temperature Error (K) Pressure Error (%) 
x Range CG CH DB MF PV CG CH DB MF PV 
0.04-0.30 -0.54 NA -0.69 -0.46 -0.20 13% 8% 16% 10% 4% 
0.30-0.80 -0.39 -0.26 0.05 -0.64 0.06 6% 6% -1% 10% -1% 
0.80-1.00 -0.52 -0.56 -0.44 -1.28 -0.84 10% 10% 8% 21% 16% 








Table D.14 Methane+n-butane hydrate formation T/P at experimental P/T (42 
pts) 
 
Methane Temperature Error (K) Pressure Error (%) 
x Range CG CH DB MF PV CG CH DB MF PV 
0.94-0.97 0.02 -0.97 -0.44 0.23 -0.29 1% -5% 7% -4% 5% 
0.97-1.00 0.08 0.33 -0.20 0.09 -0.26 0% -4% 3% -1% 4% 
All Data 0.05 0.11 -0.30 0.15 -0.27 0% -4% 4% -2% 4% 
 
Table D.15 Methane+benzene hydrate formation T/P at experimental P/T (15 pts) 
 Temperature Error (K) Pressure Error (%) 
 CG CH DB MF PV CG CH DB MF PV 
All Data -0.02 NA -4.39 -0.31 -6.28 0% NA 69% 4% 70% 
 
Table D.16 Methane+nitrogen hydrate formation T/P at experimental P/T (63 
pts) 
 
Methane Temperature Error (K) Pressure Error (%) 
x Range CG CH DB MF PV CG CH DB MF PV 
0.06-0.30 -0.36 -0.42 -0.24 -0.22 0.39 5% 0% 4% 4% -3% 
0.30-0.60 -0.82 -1.23 -0.33 -0.82 -0.35 11% 9% 5% 10% 5% 
0.65-0.87 -0.38 -0.33 0.63 -0.25 -0.30 6% 1% -6% 4% 5% 
All Data -0.45 -0.54 0.01 -0.35 0.04 6% 2% 1% 5% 1% 
 
Table D.17 Methane+H2S hydrate formation T/P at experimental P/T (20 pts) 
Methane Temperature Error (K) Pressure Error (%) 
x Range CG CH DB MF PV CG CH DB MF PV 
0.70-0.90 1.30 0.73 1.37 1.18 1.47 -13% -9% -14% -12% -16% 
0.90-0.95 0.78 0.36 0.85 0.58 0.91 -9% -5% -9% -6% -10% 
0.95-0.99 -0.16 -0.57 -0.06 -0.41 -0.21 2% 4% 1% 5% 3% 
All Data 0.58 0.12 0.66 0.38 0.66 -6% -3% -7% -4% -7% 
 
Table D.18 Methane+CO2 hydrate formation T/P at experimental P/T (89 pts) 
Methane Temperature Error (K) Pressure Error (%) 
x Range CG CH DB MF PV CG CH DB MF PV 
0.15-0.30 0.17 0.09 0.05 -0.53 0.07 -2% 0% -1% 9% -1% 
0.30-0.60 0.12 0.03 0.04 -0.51 -0.10 -1% 0% 0% 9% 1% 
0.60-1.00 0.05 0.17 0.22 -0.21 -0.22 0% -2% -2% 4% 2% 







Table D.19 Ethane+propane hydrate formation T/P at experimental P/T (96 pts) 
Ethane Temperature Error (K) Pressure Error (%) 
x Range CG CH DB MF PV CG CH DB MF PV 
0.00-0.40 -0.15 -0.12 -0.12 -0.64 -0.48 1% 7% 3% 10% 204% 
0.40-0.60 -0.11 -0.44 -2.26 -0.47 -0.49 1% 17% 31% 12% 11% 
0.60-0.80 -0.19 -0.13 -1.24 -0.24 -0.72 2% 11% 16% 4% 11% 
0.80-0.90 -0.26 0.35 -0.32 0.08 -0.75 3% -3% 3% -1% 8% 
All Data -0.19 -0.05 -0.93 -0.28 -0.65 2% 8% 12% 5% 48% 
 
Table D.20 Ethane+CO2 hydrate formation T/P at experimental P/T (40 pts) 
Ethane Temperature Error (K) Pressure Error (%) 
x Range CG CH DB MF PV CG CH DB MF PV 
0.01-0.30 -0.16 0.55 0.26 0.27 0.27 2% -6% -3% -2% -3% 
0.30-0.60 -0.34 0.77 0.12 0.30 0.00 4% -8% -1% -5% 0% 
0.60-0.81 -0.23 0.71 0.03 0.32 -0.20 3% -9% 0% -5% 3% 
All Data -0.23 0.64 0.17 0.29 0.08 3% -7% -2% -4% -1% 
 
Table D.21 Propane+propylene hydrate formation T/P at experimental P/T (29 
pts) 
 
Propane Temperature Error (K) Pressure Error (%) 
x Range CG CH DB MF PV CG CH DB MF PV 
0.31 0.44 0.36 NA 0.42 NA -10% -8% NA -9% NA 
0.52 0.73 0.71 NA 0.56 NA -16% -13% NA -12% NA 
All Data 0.64 0.63 NA 0.52 NA -14% -12% NA -11% NA 
 
Table D.22 Propane+i-butane hydrate formation T/P at experimental P/T (17 pts) 
 Temperature Error (K) Pressure Error (%) 
T Range CG CH DB MF PV CG CH DB MF PV 
< 273.15 -0.41 NA NA -0.43 0.20 2% 1% NA 2% -1% 
> 273.15 0.07 NA 1.10 0.28 0.66 -7% -22% -26% -17% -24% 
All Data -0.24 NA 1.10 -0.18 0.36 -1% -7% -26% -4% -9% 
 
Table D.23 Propane+n-butane hydrate formation T/P at experimental P/T (54 
pts) 
 
Propane Temperature Error (K) Pressure Error (%) 
x Range CG CH DB MF PV CG CH DB MF PV 
0.60-0.70 0.41 NA 1.95 0.14 0.19 0% 5% -5% -1% 0% 
0.70-0.90 2.48 0.30 2.29 1.83 1.49 -15% 2% -16% -10% -10% 
0.90-1.00 2.58 0.11 2.77 1.73 1.55 -16% 0% -18% -9% -9% 





Table D.24 Propane+nitrogen hydrate formation T/P at experimental P/T (39 pts) 
Propane Temperature Error (K) Pressure Error (%) 
x Range CG CH DB MF PV CG CH DB MF PV 
0.01-0.30 -0.13 1.74 -0.10 0.06 -0.07 2% -21% 2% 0% 2% 
0.45-0.75 -0.37 0.46 0.07 -0.26 -0.03 9% -5% -2% 6% 1% 
All Data -0.19 1.45 -0.06 -0.01 -0.06 4% -18% 1% 1% 1% 
 
Table D.25 Propane+CO2 hydrate formation T/P at experimental P/T (92 pts) 
Propane Temperature Error (K) Pressure Error (%) 
x Range CG CH DB MF PV CG CH DB MF PV 
0.01-0.30 1.20 -0.85 1.10 -0.14 0.53 -14% 15% -10% 3% 1% 
0.30-0.70 0.57 -0.15 0.56 0.26 0.55 -8% 4% -10% -5% -9% 
0.70-0.90 0.04 -0.01 0.09 0.02 0.29 0% -1% -1% 0% -5% 
All Data 0.97 -0.60 0.87 -0.05 0.51 -11% 12% -9% 1% -2% 
 
Table D.26 i-Butane+n-butane hydrate formation T/P at experimental P/T (5 pts) 
 Temperature Error (K) Pressure Error (%) 
 CG CH DB MF PV CG CH DB MF PV 
All Data -2.96 NA NA -4.20 -8.76 20% 41% 38% 25% 40% 
 
Table D.27 i-Butane+CO2 hydrate formation T/P at experimental P/T (53 pts) 
i-Butane Temperature Error (K) Pressure Error (%) 
x Range CG CH DB MF PV CG CH DB MF PV 
0.00-0.10 1.65 -0.96 0.78 -0.96 0.05 -21% 25% -4% 5% -1% 
0.10-0.30 0.78 -1.95 -0.51 -0.91 -0.35 -10% 36% 9% 11% 6% 
0.30-0.79 0.43 -0.65 0.08 -0.31 0.17 -7% 19% -2% 4% -3% 
All Data 1.25 -1.13 0.37 -0.84 -0.02 -16% 26% 0% 6% 0% 
 
Table D.28 n-Butane+CO2 hydrate formation T/P at experimental P/T (21 pts) 
n-Butane Temperature Error (K) Pressure Error (%) 
x Range CG CH DB MF PV CG CH DB MF PV 
0.92-0.95 -0.91 1.75 1.84 -1.85 -1.16 13% -4% -18% 24% 14% 
0.95-1.00 -0.06 0.37 3.24 -0.56 0.15 1% -2% -31% 8% -2% 








D.3 Ternary Hydrates 
Table D.29 Methane+ethane+propane hydrate formation T/P at experimental P/T 
(32 pts) 
 
Methane Temperature Error (K) Pressure Error (%) 
x Range CG CH DB MF PV CG CH DB MF PV 
0.00-0.01 -0.12 0.46 -0.19 0.19 -0.56 2% -6% 2% -3% 8% 
0.17-0.50 3.47 3.56 3.05 3.54 3.30 -35% -34% -30% -36% -35% 
All Data 1.11 1.60 0.93 1.34 0.77 -11% -15% -9% -14% -7% 
 
Table D.30 Methane+CO2+H2S hydrate formation T/P at experimental P/T (57 
pts) 
 
Methane Temperature Error (K) Pressure Error (%) 
x Range CG CH DB MF PV CG CH DB MF PV 
0.68-0.70 -0.28 -0.88 -0.41 -0.76 -0.62 3% 10% 7% 9% 8% 
0.70-0.80 -0.24 -0.69 -0.35 -0.66 -0.46 3% 8% 5% 9% 7% 
0.80-0.84 -1.38 -1.62 -1.48 -1.80 -1.54 21% 24% 22% 27% 24% 
All Data -0.75 -1.10 -0.85 -1.17 -0.95 11% 15% 13% 17% 14% 
 
D.4 Natural Gas Hydrates 
Table D.31 Wilcox et al. (1941) hydrate formation T/P at experimental P/T (36 
pts) 
 
 Temperature Error (K) Pressure Error (%) 
NG CG CH DB MF PV CG CH DB MF PV 
B -0.07 -0.15 -0.16 -0.21 -0.50 1% 4% 3% 3% 11% 
C 0.25 -0.28 -1.60 -0.02 -0.46 -4% 4% 30% 0% 9% 
D 0.78 0.33 0.47 0.68 0.28 -12% -6% -7% -11% -4% 
 
Table D.32 Kobayashi et al. (1951) hydrate formation T/P at experimental P/T 
(10 pts) 
 
 Temperature Error (K) Pressure Error (%) 
NG CG CH DB MF PV CG CH DB MF PV 
Hugoton -1.19 -1.56 -1.01 -1.11 -0.95 17% 23% 15% 16% 15% 







Table D.33 McLeod and Campbell (1961) hydrate formation T/P at experimental 
P/T (7 pts) 
 
 Temperature Error (K) Pressure Error (%) 
 CG CH DB MF PV CG CH DB MF PV 
All Data 0.87 0.67 0.50 0.87 -0.40 -12% -8% -6% -12% 6% 
 
Table D.34 Lapin and Cinnamon (1969) hydrate formation T/P at experimental 
P/T (3 pts) 
 
 Temperature Error (K) Pressure Error (%) 
NG CG CH DB MF PV CG CH DB MF PV 
1 0.35 0.14 0.32 0.38 0.28 -5% -2% -5% -5% -4% 
2 0.58 0.65 0.81 0.47 0.41 -8% -9% -11% -7% -6% 
3 1.25 1.43 1.54 1.08 1.04 -17% -19% -21% -15% -15% 
 
Table D.35 Adisasmito and Sloan (1992) hydrate formation T/P at experimental 
P/T (20 pts) 
 
 Temperature Error (K) Pressure Error (%) 
NG CG CH DB MF PV CG CH DB MF PV 
A -0.65 -0.80 -0.09 -0.56 0.00 9% 10% 1% 7% 0% 
B -0.82 -1.54 -0.92 -0.84 -0.25 11% 22% 13% 12% 3% 
C -0.52 -2.72 -1.52 -1.35 -0.60 7% 44% 22% 21% 9% 
D 1.19 -0.20 2.92 -0.26 0.74 -15% 2% -28% 4% -9% 
E -0.29 -0.25 2.99 -0.84 -0.22 4% 3% -29% 12% 3% 
 
Table D.36 Bishnoi and Dholabhai (1999) hydrate formation T/P at experimental 
P/T (3 pts) 
 
 Temperature Error (K) Pressure Error (%) 
 CG CH DB MF PV CG CH DB MF PV 
All Data -0.29 -0.60 -0.25 -0.28 -0.10 4% 9% 4% 4% 2% 
 
Table D.37 Jager (2001) hydrate formation T/P at experimental P/T (17 pts) 
 Temperature Error (K) Pressure Error (%) 
 CG CH DB MF PV CG CH DB MF PV 









Table D.38 Compositions natural gases 
 Wilcox et al. Kobayashi et al. McLeod & 
 B C D Hugoton Michigan Campbell 
Methane 0.8641 0.9320 0.8836 0.7329 0.7964 0.906 
Ethane 0.0647 0.0425 0.0682 0.0670 0.0938 0.066 
Propane 0.0357 0.0161 0.0254 0.0390 0.0322 0.018 
i-Butane 0.0099 0 0.0038 0.0036 0.0018 0.005 
n-Butane 0.0114 0 0.0089 0.0055 0.0058 0.005 
n-Pentane 0.0078 0 0.0101 0.0020 0.0015 0 
n-Hexane 0 0 0 0 0.0005 0 
Nitrogen 0.0064 0.0043 0 0.1500 0.0680 0 
CO2 0 0.0051 0 0 0 0 
 
Table D.38 Compositions natural gases (continued) 
 Lapin and Cinnamon Adisasmito and Sloan 
 1 2 3 A B C D E 
Methane 0.7278 0.6769 0.6249 0.7662 0.5255 0.2442 0.1238 0.0786 
Ethane 0.1450 0.1350 0.1247 0.1199 0.0812 0.0399 0.0196 0.0113 
Propane 0.0763 0.1410 0.2062 0.0691 0.0474 0.0307 0.0166 0.0086 
i-Butane 0 0 0 0.0182 0.0131 0.0075 0.0037 0.0020 
n-Butane 0.0265 0.0245 0.0226 0.0266 0.0188 0.0092 0.0048 0.0033 
n-Pentane 0.0063 0.0058 0.0058 0 0 0 0 0 
n-Hexane 0.0011 0.0010 0.0011 0 0 0 0 0 
Nitrogen 0.0170 0.0158 0.0147 0 0 0 0 0 
CO2 0 0 0 0 0.314 0.6685 0.8315 0.8962 
 
Table D.38 Compositions natural gases (continued) 
 Bishnoi & 
 Dholabhai Jager 
Methane 0.820 0.9753 
Ethane 0.113 0.0088 
Propane 0.042 0.0014 
i-Butane 0.009 0.0001 
n-Butane 0.006 0.0002 
i-Pentane 0.001 0.0002 
n-Pentane 0.002 0.0002 
n-Hexane 0.002 0.0002 
n-Heptane 0 0.0001 
Nitrogen 0 0.0093 




D.5 Black Oil and Gas Condensate Hydrates 
Table D.39 Black oil (5 pts) and gas condensate (5 pts) hydrate formation T/P at 
experimental P/T 
 
 Temperature Error (K) Pressure Error (%) 
 CG CH DB MF PV CG CH DB MF PV 
BO #1a 1.09 NA 0.45 0.89 0.13 -15% NA -11% -11% -2% 
GC #1a-a -1.78 NA 0.09 -1.79 -2.40 29% NA 7% 30% 43% 
 
D.6 sH Hydrates 
Table D.40 sH hydrate formation T/P at experimental P/T (methane+sH guest) 
 Temperature Error (K) Pressure Error (%)  
sH Guest CG CH MF PV CG CH MF PV # pts 
i-Pentane 0.02 0.03 NA 0.09 -0.04 -1% -2% NA 11 
2,3-Dimethyl-1-Butene 0.00 -0.04 NA -0.01 NA 0% 1% NA 4 
3,3-Dimethyl-1-Butene 0.00 0.01 NA 0.01 NA 0% 0% NA 4 
Methylcyclopentane 0.00 -0.05 NA 0.06 -0.36 0% 1% NA 21 
Neohexane 0.00 0.03 NA -0.42 -0.06 0% -1% NA 11 
2,3-Dimethylbutane 0.00 0.00 NA 0.00 -0.03 0% 0% NA 6 
Cycloheptane 0.00 0.00 NA 0.01 0.66 0% 0% NA 7 
2,2-Dimethylpentane 6.41 -1.72 NA -1.24 NA -51% 33% NA 16 
Ethylcyclopentane 0.00 0.00 NA -0.01 -0.04 0% 0% NA 6 
Methylcyclohexane 0.00 0.16 NA 0.20 0.09 0% -2% NA 29 
2,2,3-Trimethylbutane -0.29 0.07 NA 0.01 0.31 4% -1% NA 6 
3,3-Dimethylpentane 0.00 0.04 NA -0.02 0.00 0% -1% NA 7 
cis-1,2-
Dimethylcyclohexane 0.00 0.00 NA 0.05 -0.01 0% 0% NA 10 
1,1-Dimethylcyclohexane 0.00 0.01 NA -0.03 -0.03 0% 0% NA 11 
Ethylcyclohexane 0.00 -0.96 NA 0.06 NA 0% 11% NA 2 
 
D.7 Number of Predicted Points for Sets of Data 
Table D.41 Number of data points predicted for methane hydrates 
T and P Range Data Temperature (Pressure) Points Calculated 
T P Points CG CH DB MF PV 
190-273 0-24 14 14 (14) 0 (14) 14 (14) 14 (14) 9 (14) 
273-286 26-100 63 63 (63) 54 (63) 63 (63) 63 (63) 63 (63) 
286-306 100-1000 47 47 (47) 47 (47) 42 (45) 47 (47) 47 (46) 
306-321 1000-5000 57 57 (57) 32 (57) 0 (1) 57 (57) 57 (0) 




Table D.42 Number of data points predicted for ethylene hydrates 
T and P Range Data Temperature (Pressure) Points Calculated 
T P Points CG CH DB MF PV 
269-273 0-5.3 6 6 (6) 0 (6) 6 (6) 6 (6) 0 (0) 
273-292 5.3-100 38 38 (38) 30 (38) 37 (38) 38 (38) 0 (0) 
292-304 100-1000 13 13 (13) 13 (13) 9 (13) 13 (13) 0 (0) 
304-328 1000-5000 21 21 (21) 17 (21) 0 (0) 21 (21) 0 (0) 
All Data 78 78 (78) 60 (78) 52 (57) 78 (78) 0 (0) 
 
Table D.43 Number of data points predicted for ethane hydrates 
T and P Range Data Temperature (Pressure) Points Calculated 
T P Points CG CH DB MF PV 
200-273 0-5 12 12 (12) 0 (12) 12 (12) 12 (12) 10 (12) 
273-288 5-33 61 61 (61) 58 (61) 61 (61) 61 (61) 61 (61) 
288-289 33-100 15 15 (15) 15 (15) 15 (15) 15 (15) 15 (15) 
289-299 100-1000 5 5 (5) 5 (5) 3 (3) 5 (5) 5 (5) 
299-324 1000-5000 19 19 (19) 15 (19) 0 (0) 19 (19) 19 (0) 
All Data 112 112 (112) 93 (112) 91 (91) 112 (112) 110 (93) 
 
Table D.44 Number of data points predicted for propylene hydrates 
T and P Range Data Temperature (Pressure) Points Calculated 
T P Points CG CH DB MF PV 
273-274.3 4.6-6.1 13 13 (13) 0 (11) 13 (11) 13 (13) 0 (0) 
274.5-275 6.1-11 6 6 (2) 0 (2) 6 (2) 6 (3) 0 (0) 
All Data 19 19 (15) 0 (13) 19 (13) 19 (16) 0 (0) 
 
Table D.45 Number of data points predicted for propane hydrates 
T and P Range Data Temperature (Pressure) Points Calculated 
T P Points CG CH DB MF PV 
273-278 1.5-5.4 56 56 (56) 37 (56) 56 (56) 56 (56) 56 (56) 
278-278 5.4-170 36 36 (31) 1 (29) 36 (18) 36 (0) 36 (11) 
All Data 92 92 (87) 38 (85) 92 (74) 92 (56) 92 (92) 
 
Table D.46 Number of data points predicted for i-butane hydrates 
T and P Range Data Temperature (Pressure) Points Calculated 
T P Points CG CH DB MF PV 
240-273 0-1 10 10 (10) 0 (7) 10 (10) 10 (10) 10 (10) 
273-275 1-1.7 36 36 (36) 0 (36) 36 (36) 36 (36) 36 (36) 
275-276 2-150 6 6 (6) 4 (6) 6 (6) 6 (6) 6 (6) 





Table D.47 Number of data points predicted for nitrogen hydrates 
T and P Range Data Temperature (Pressure) Points Calculated 
T P Points CG CH DB MF PV 
268-272 129-141 12 12 (12) 0 (12) 12 (0) 12 (12) 12 (12) 
272-291 158-1000 51 51 (51) 39 (51) 43 (47) 51 (51) 51 (51) 
291-307 1000-3500 16 16 (16) 16 (16) 0 (0) 14 (14) 16 (0) 
All Data 79 79 (79) 55 (79) 55 (47) 77 (77) 79 (63) 
 
Table D.48 Number of data points predicted for H2S hydrates 
T and P Range Data Temperature (Pressure) Points Calculated 
T P Points CG CH DB MF PV 
250-273 0-1 11 11 (11) 0 (11) 11 (11) 11 (11) 11 (11) 
283-301 3-21 26 26 (26) 26 (26) 26 (26) 26 (26) 26 (26) 
301-303 21-100 8 8 (8) 8 (8) 8 (8) 8 (8) 8 (8) 
303-306 100-1000 9 9 (9) 9 (9) 9 (9) 9 (9) 9 (9) 
All Data 54 54 (54) 43 (54) 54 (54) 54 (54) 54 (54) 
 
Table D.49 Number of data points predicted for CO2 hydrates 
T and P Range Data Temperature (Pressure) Points Calculated 
T P Points CG CH DB MF PV 
150-272 0-10.5 24 24 (24) 0 (18) 24 (24) 24 (24) 11 (23) 
272-283 10.5-45.1 129 129 (129) 95 (129) 128 (129) 129 (129) 129 (128) 
283-283 45.1-100 5 5 (5) 5 (5) 5 (5) 5 (5) 5 (5) 
283-289 100-1000 9 9 (9) 9 (9) 7 (8) 9 (9) 9 (9) 
289-292 1000-8000 28 28 (5) 23 (28) 0 (1) 28 (28) 28 (6) 
All Data 195 195 (172) 132 (189) 164 (167) 195 (195) 182 (171) 
 
Table D.50 Number of data points predicted for xenon hydrates 
T and P Range Data Temperature (Pressure) Points Calculated 
T P Points CG CH DB MF PV 
211-268 0-1 5 5 (5) 0 (4) 5 (5) 0 (0) 0 (0) 
273-291 1-10 42 42 (42) 33 (42) 42 (42) 0 (0) 0 (0) 
292-311 10-100 44 44 (44) 44 (44) 44 (44) 0 (0) 0 (0) 
311-323 100-1000 26 26 (26) 26 (26) 19 (22) 0 (0) 0 (0) 
323-344 1000-3800 22 22 (22) 22 (22) 0 (0) 0 (0) 0 (0) 










Table D.51 Number of data points predicted for methane+ethane hydrates 
Methane Data Temperature (Pressure) Points Calculated 
x Range Points CG CH DB MF PV 
0.02-0.60 18 18 (18) 18 (18) 18 (18) 18 (18) 18 (18) 
0.80-0.95 25 25 (25) 22 (25) 23 (25) 25 (25) 25 (25) 
0.95-0.99 11 11 (11) 8 (11) 11 (11) 11 (11) 11 (11) 
All Data 54 54 (54) 48 (54) 52 (54) 54 (54) 54 (54) 
 
Table D.52 Number of data points predicted for methane+propane hydrates 
Methane Data Temperature (Pressure) Points Calculated 
x Range Points CG CH DB MF PV 
0.20-0.40 15 15 (15) 13 (15) 15 (15) 15 (15) 15 (15) 
0.70-0.95 16 16 (16) 14 (16) 16 (16) 16 (16) 16 (16) 
0.95-0.99 23 23 (23) 22 (23) 23 (23) 23 (23) 23 (23) 
All Data 54 54 (54) 49 (54) 54 (54) 54 (54) 54 (54) 
 
Table D.53 Number of data points predicted for methane+i-butane hydrates 
Methane Data Temperature (Pressure) Points Calculated 
x Range Points CG CH DB MF PV 
0.04-0.30 12 12 (12) 0 (10) 12 (12) 12 (12) 12 (12) 
0.30-0.80 13 13 (13) 6 (13) 13 (13) 13 (13) 13 (13) 
0.80-1.00 62 62 (62) 54 (62) 62 (62) 62 (62) 62 (62) 
All Data 87 87 (87) 60 (85) 87 (87) 87 (87) 87 (87) 
 
Table D.54 Number of data points predicted for methane+n-butane hydrates 
Methane Data Temperature (Pressure) Points Calculated 
x Range Points CG CH DB MF PV 
0.94-0.97 18 18 (18) 4 (18) 18 (18) 18 (18) 18 (18) 
0.97-1.00 24 24 (24) 19 (24) 24 (24) 24 (24) 24 (24) 
All Data 42 42 (42) 23 (42) 42 (42) 42 (42) 42 (42) 
 
Table D.55 Number of data points predicted for methane+benzene hydrates 
 Data Temperature (Pressure) Points Calculated 
 Points CG CH DB MF PV 










Table D.56 Number of data points predicted for methane+nitrogen hydrates 
Methane Data Temperature (Pressure) Points Calculated 
x Range Points CG CH DB MF PV 
0.06-0.30 32 32 (32) 23 (32) 32 (32) 32 (32) 32 (32) 
0.30-0.60 12 12 (12) 9 (12) 12 (12) 12 (12) 12 (12) 
0.65-0.87 19 19 (19) 16 (19) 19 (19) 19 (19) 19 (19) 
All Data 63 63 (63) 48 (63) 63 (63) 63 (63) 63 (63) 
 
Table D.57 Number of data points predicted for methane+H2S hydrates 
Methane Data Temperature (Pressure) Points Calculated 
x Range Points CG CH DB MF PV 
0.70-0.90 5 5 (5) 5 (5) 5 (5) 5 (5) 5 (5) 
0.90-0.95 8 8 (8) 8 (8) 8 (8) 8 (8) 8 (8) 
0.95-0.99 7 7 (7) 7 (7) 7 (7) 7 (7) 7 (7) 
All Data 20 20 (20) 20 (20) 20 (20) 20 (20) 20 (20) 
 
Table D.58 Number of data points predicted for methane+CO2 hydrates 
Methane Data Temperature (Pressure) Points Calculated 
x Range Points CG CH DB MF PV 
0.15-0.30 9 9 (9) 7 (9) 9 (9) 9 (9) 9 (9) 
0.30-0.60 31 31 (31) 27 (30) 31 (31) 31 (31) 31 (31) 
0.60-1.00 49 49 (49) 43 (49) 49 (49) 49 (49) 49 (49) 
All Data 89 89 (89) 77 (88) 89 (89) 89 (89) 89 (89) 
 
Table D.59 Number of data points predicted for ethane+propane hydrates 
Ethane Data Temperature (Pressure) Points Calculated 
x Range Points CG CH DB MF PV 
0.00-0.40 19 19 (19) 11 (19) 6 (6) 19 (19) 19 (19) 
0.40-0.60 14 14 (14) 11 (14) 4 (4) 14 (14) 14 (14) 
0.60-0.80 41 41 (41) 18 (40) 41 (41) 41 (41) 41 (41) 
0.80-0.90 22 22 (22) 16 (19) 22 (22) 22 (22) 22 (22) 
All Data 96 96 (96) 56 (92) 73 (73) 96 (96) 96 (96) 
 
Table D.60 Number of data points predicted for ethane+CO2 hydrates 
Ethane Data Temperature (Pressure) Points Calculated 
x Range Points CG CH DB MF PV 
0.01-0.30 19 19 (19) 15 (19) 19 (19) 19 (19) 19 (19) 
0.30-0.60 12 12 (12) 7 (12) 12 (12) 12 (12) 12 (12) 
0.60-0.81 9 9 (9) 6 (8) 8 (8) 9 (9) 9 (9) 






Table D.61 Number of data points predicted for propane+propylene hydrates 
Propane Data Temperature (Pressure) Points Calculated 
x Range Points CG CH DB MF PV 
0.31 8 8 (8) 3 (8) 0 (0) 8 (8) 0 (0) 
0.52 21 21 (21) 10 (21) 0 (0) 21 (17) 0 (0) 
All Data 29 29 (29) 13 (29) 0 (0) 29 (25) 0 (0) 
 
Table D.62 Number of data points predicted for propane+i-butane hydrates 
 Data Temperature (Pressure) Points Calculated 
T Range Points CG CH DB MF PV 
< 273.15 11 11 (11) 0 (11) 0 (0) 11 (11) 11 (11) 
> 273.15 6 6 (6) 0 (6) 4 (4) 6 (5) 6 (6) 
All Data 17 17 (16) 0 (17) 4 (4) 17 (16) 17 (16) 
 
Table D.63 Number of data points predicted for propane+n-butane hydrates 
Propane Data Temperature (Pressure) Points Calculated 
x Range Points CG CH DB MF PV 
0.60-0.70 11 11 (11) 0 (11) 7 (7) 11 (11) 11 (11) 
0.70-0.90 28 28 (28) 6 (28) 28 (28) 28 (28) 28 (28) 
0.90-1.00 15 15 (15) 2 (15) 12 (12) 15 (14) 15 (15) 
All Data 54 54 (54) 8 (54) 47 (47) 54 (53) 54 (54) 
 
Table D.64 Number of data points predicted for propane+nitrogen hydrates 
Propane Data Temperature (Pressure) Points Calculated 
x Range Points CG CH DB MF PV 
0.01-0.30 30 30 (30) 24 (30) 30 (30) 30 (30) 30 (30) 
0.45-0.75 9 9 (9) 7 (9) 9 (9) 9 (9) 9 (9) 
All Data 39 39 (39) 31 (39) 39 (39) 39 (39) 39 (39) 
 
Table D.65 Number of data points predicted for propane+CO2 hydrates 
Propane Data Temperature (Pressure) Points Calculated 
x Range Points CG CH DB MF PV 
0.01-0.30 66 66 (66) 40 (65) 52 (53) 65 (66) 66 (66) 
0.30-0.70 18 18 (18) 13 (17) 18 (18) 18 (18) 18 (18) 
0.70-0.90 8 8 (8) 7 (8) 8 (8) 8 (8) 8 (8) 








Table D.66 Number of data points predicted for i-butane+n-butane hydrates 
 Data Temperature (Pressure) Points Calculated 
 Points CG CH DB MF PV 
All Data 5 5 (5) 0 (3) 0 (5) 5 (5) 5 (5) 
 
Table D.67 Number of data points predicted for i-butane+CO2 hydrates 
i-Butane Data Temperature (Pressure) Points Calculated 
x Range Points CG CH DB MF PV 
0.00-0.10 32 32 (32) 15 (31) 32 (32) 32 (32) 32 (32) 
0.10-0.30 12 12 (12) 6 (11) 12 (12) 12 (12) 12 (12) 
0.30-0.79 9 9 (9) 5 (8) 9 (9) 9 (9) 9 (9) 
All Data 53 53 (53) 26 (50) 53 (53) 53 (53) 53 (53) 
 
Table D.68 Number of data points predicted for n-butane+CO2 hydrates 
n-Butane Data Temperature (Pressure) Points Calculated 
x Range Points CG CH DB MF PV 
0.92-0.95 16 16 (16) 11 (16) 16 (16) 16 (16) 16 (16) 
0.95-1.00 5 5 (5) 3 (5) 5 (5) 5 (5) 5 (5) 
All Data 21 21 (21) 14 (21) 21 (21) 21 (21) 21 (21) 
 
Table D.69 Number of data points predicted for methane+ethane+propane 
hydrates 
 
Methane Data Temperature (Pressure) Points Calculated 
x Range Points CG CH DB MF PV 
0.00-0.01 21 21 (21) 19 (21) 21 (21) 21 (21) 21 (21) 
0.17-0.50 11 11 (11) 11 (11) 11 (11) 11 (11) 11 (11) 
All Data 32 32 (32) 30 (32) 32 (32) 32 (32) 32 (32) 
 
Table D.70 Number of data points predicted for methane+CO2+H2S hydrates 
Methane Data Temperature (Pressure) Points Calculated 
x Range Points CG CH DB MF PV 
0.68-0.70 6 6 (6) 6 (6) 6 (6) 6 (6) 6 (6) 
0.70-0.80 26 26 (26) 26 (26) 26 (26) 26 (26) 26 (26) 
0.80-0.84 25 25 (25) 23 (25) 25 (25) 25 (25) 25 (25) 









Table D.71 Number of data points predicted for natural gas hydrates 
  Data Temperature (Pressure) Points Calculated 
Researcher NG Type Points CG CH DB MF PV 
B 9 9 (9) 6 (9) 9 (9) 9 (9) 9 (9) Wilcox et 
al., C 15 15 (15) 15 (15) 15 (15) 15 (15) 15 (15) 
1941 D 12 12 (12) 12 (12) 12 (12) 12 (12) 12 (12) 
Kobayashi Hugoton 5 5 (5) 5 (5) 5 (5) 5 (5) 5 (5) 
et al., 1951 Michigan 5 5 (5) 5 (5) 5 (5) 5 (5) 5 (5) 
McLeod and Campbell, 
1961 7 7 (7) 7 (7) 7 (7) 7 (7) 7 (7) 
Lapin and 1 1 1 (1) 1 (1) 1 (1) 1 (1) 1 (1) 
Cinnamon, 2 1 1 (1) 1 (1) 1 (1) 1 (1) 1 (1) 
1969 3 1 1 (1) 1 (1) 1 (1) 1 (1) 1 (1) 
Adisasmito A 4 4 (4) 3 (4) 4 (4) 4 (4) 4 (4) 
and B 4 4 (4) 2 (4) 4 (4) 4 (4) 4 (4) 
Sloan, C 4 4 (4) 2 (4) 4 (4) 4 (4) 4 (4) 
D 4 4 (4) 3 (4) 4 (4) 4 (4) 4 (4) 1992 E 4 4 (4) 3 (4) 4 (4) 4 (4) 4 (4) 
Bishnoi and Dholabhai, 
1999 3 3 (3) 2 (3) 3 (3) 3 (3) 3 (3) 
Jager, 2001 17 17 (17) 17 (17) 17 (17) 17 (17) 17 (17) 
 
Table D.72 Number of data points predicted for black oil and gas condensate 
hydrates 
 
 Data Temperature (Pressure) Points Calculated 
 Points CG CH DB MF PV 
BO #1a 5 5 (5) 0 (0) 4 (5) 5 (5) 5 (5) 


















Table D.73 Number of data points predicted for sH hydrates 
 Data Temperature (Pressure) Points Calculated 
sH Guest Points CG CH DB MF PV 
i-Pentane 11 11 (11) 10 (11) 0 (0) 11 (11) 11 (11) 
2,3-Dimethyl-1-Butene 4 4 (4) 4 (4) 0 (0) 4 (4) 0 (0) 
3,3-Dimethyl-1-Butene 4 4 (4) 4 (4) 0 (0) 4 (4) 0 (0) 
Methylcyclopentane 21 21 (21) 21 (21) 0 (0) 21 (21) 21 (21) 
Neohexane 11 11 (11) 11 (11) 0 (0) 11 (11) 11 (11) 
2,3-Dimethylbutane 6 6 (6) 6 (6) 0 (0) 6 (6) 6 (6) 
Cycloheptane 7 7 (7) 7 (7) 0 (0) 7 (7) 7 (7) 
2,2-Dimethylpentane 16 16 (16) 15 (16) 0 (0) 16 (16) 0 (0) 
Ethylcyclopentane 6 6 (6) 6 (6) 0 (0) 6 (6) 6 (6) 
Methylcyclohexane 29 29 (29) 28 (29) 0 (0) 29 (29) 29 (29) 
2,2,3-Trimethylbutane 6 6 (6) 6 (6) 0 (0) 6 (6) 6 (6) 
3,3-Dimethylpentane 7 7 (7) 6 (7) 0 (0) 7 (7) 7 (7) 
cis-1,2- 
Dimethylcyclohexane 10 10 (10) 10 (10) 0 (0) 10 (10) 10 (10) 
1,1-Dimethylcyclohexane 11 11 (11) 11 (11) 0 (0) 11 (11) 11 (11) 






APPENDIX E - LISTING OF ALL MODEL PARAMETERS 
 
 What follows is a complete listing of fugacity model parameters.  Note that all 
parameters with a subscript, 0, are at reference conditions (T0 = 298.15 K and P0 = 1 bar). 
 
E.1 Ideal Gas Phase 
 What follows are the formation properties and heat capacity of each component in 
the ideal gas phase.  These parameters are used in Equation 3.2, 3.3, and 3.4. 
 














Methane -50830 -74900  Methylcyclohexane 27279 -154763 
Ethylene 68170 52320  n-Heptane 8120 -187900 
Ethane -32900 -84720  2,2,3-Trimethylbutane 4268 -204803 
Propylene 62760 20400  2,2-Dimethylpentane 84 -206142 
Propane -23500 -103900  3,3-Dimethylpentane 2636 -201540 
n-Butane -17200 -126200  cis-1,2-Dimethylcyclohexane 41212 -172169 
i-Butane -20900 -134600  1,1-Dimethylcyclohexane 35229 -180997 
n-Pentane -8370 -146500  Ethylcyclohexane 39245 -171750 
i-Pentane -15229 -165976  n-Octane 16500 -208600 
Benzene 129700 82980  n-Nonane 24811 -229028 
2,3-Dimethyl-1-Butene 79034 -55730  n-Decane 33220 -249655 
3,3-Dimethyl-1-Butene 98155 -43136  Nitrogen 0 0 
Methylcyclopentane 35773 -106690  Hydrogen Sulfide -33100 -20200 
n-Hexane -290 -167300  Carbon Dioxide -394600 -393800 
Neohexane -9623 -185557  Xenon 0 0 
2,3-Dimethylbutane -4100 -177775  Water -228700 -242000 
Toluene 122100 50030  Methanol -162600 -201300 
Cycloheptane 63010 -119326  Ethanol -168400 -235000 







Table E.2 Ideal gas heat capacity parameters (Equation 3.4) 
Component a0 /R 
a1 /R (K-1) 
(102) 
a2 /R (K-2) 
(105) 
a3 /R (K-3) 
(109) 
Methane 2.3902 0.6039 0.1525 -1.3234 
Ethylene 0.4750 1.8795 -1.0029 2.1235 
Ethane 0.8293 2.0752 -0.7699 0.8756 
Propylene 0.3789 2.8638 -1.4643 2.9589 
Propane -0.4861 3.6629 -1.8895 3.8143 
n-Butane 0.4755 4.4650 -2.2041 4.2068 
i-Butane -0.9511 4.9999 -2.7651 5.9982 
n-Pentane 0.8142 5.4598 -2.6997 5.0824 
i-Pentane -1.9942 6.6725 -3.9738 9.1735 
Benzene -4.3528 5.8261 -3.7942 9.3295 
2,3-Dimethyl-1-Butene 0.8444 6.7128 -4.4423 12.7765 
3,3-Dimethyl-1-Butene -1.5091 6.5920 -3.5038 6.2599 
Methylcyclopentane -6.0224 7.6689 -4.3774 9.6314 
n-Hexane 0.8338 6.6373 -3.444 6.9342 
Neohexane -1.9992 7.5632 -4.1837 8.2325 
2,3-Dimethylbutane -1.7557 7.3921 -4.0574 8.1973 
Toluene -4.1328 6.7214 -4.1414 9.6616 
Cycloheptane -9.1569 9.4553 -5.0522 9.0879 
Ethylcyclopentane -6.6479 9.0276 -5.2837 12.0669 
Methylcyclohexane -7.4419 9.4251 -5.334 11.2568 
n-Heptane -0.6184 8.1268 -4.388 9.2037 
2,2,3-Trimethylbutane -2.7576 9.0376 -5.3139 12.0770 
2,2-Dimethylpentane -6.0214 10.7640 -7.6437 20.8630 
3,3-Dimethylpentane -0.8469 8.2174 -4.4881 9.4150 
cis-1,2-Dimethylcyclohexane -8.2174 10.7840 -6.1744 13.2042 
1,1-Dimethylcyclohexane -8.6663 10.8140 -6.0335 12.3840 
Ethylcyclohexane -7.6790 10.6880 -6.1391 13.2545 
n-Octane -0.7327 9.2691 -5.0421 10.6429 
n-Nonane 0.3779 8.1419 -2.3178 -3.5833 
n-Decane -0.9511 11.5490 -6.3555 13.5917 
Nitrogen 3.4736 -0.0189 0.0971 -0.3453 
Hydrogen Sulfide 3.5577 0.1574 0.0686 -0.3959 
Carbon Dioxide 2.6751 0.7188 -0.4208 0.8977 
Xenon 2.5000 0 0 0 
Water 3.8747 0.0231 0.1269 -0.4321 
Methanol 2.2896 1.1000 -0.1464 -0.9662 
Ethanol 2.3902 2.5191 -1.2475 2.4104 
Ethylene Glycol 4.2904 2.9845 -1.7995 3.6181 
 
E.2 Aqueous Fugacity Model 
 What follows are all parameters needed to determine the chemical potential of 




Table E.3 Partial molar formation properties and Born constants of solutes 





h  ω Component 
(J/mol) (J/mol) (J/mol) 
Methane -34451 -87906 -133009 
Ethylene 81379 35857 -167360 
Ethane -17000 -103136 -169870 
Propylene 74935 -1213 -232547 
Propane -7550 -131000 -211418 
n-Butane -940 -152000 -253592 
i-Butane -2900 -156000 -253592 
n-Pentane 9160 -173887 -300955 
i-Pentane 1541 -193476 -301000 
Benzene 133888 51170 -82676 
2,3-Dimethyl-1-Butene 97020 -86430 -335000 
3,3-Dimethyl-1-Butene 116140 -73840 -335000 
Methylcyclopentane 53760 -137390 -335000 
n-Hexane 18200 -199200 -335180 
Neohexane 8367 -216257 -335000 
2,3-Dimethylbutane 13890 -208480 -335000 
Toluene 126608 13724 -135896 
Cycloheptane 81190 -153430 -380000 
Ethylcyclopentane 62740 -161170 -380000 
Methylcyclohexane 27280 -154760 -380000 
n-Heptane 27500 -225000 -380158 
2,2,3-Trimethylbutane 22450 -238900 -380000 
2,2-Dimethylpentane 18260 -240240 -380000 
3,3-Dimethylpentane 20820 -235640 -380000 
cis-1,2-Dimethylcyclohexane 59910 -212570 -404000 
1,1-Dimethylcyclohexane 53930 -221400 -404000 
Ethylcyclohexane 57950 -212150 -404000 
n-Octane 36700 -250500 -404258 
n-Nonane 45200 -273150 -453600 
n-Decane 54140 -297330 -494000 
Nitrogen 18188 -10439 -145101 
Hydrogen Sulfide -27920 -37660 -41840 
Carbon Dioxide -385974 -413798 -8368 
Xenon 13493 -18870 -92634 
Methanol -175937 -246312 -61756 
Ethanol -181293 -287232 -85228 
Ethylene Glycol -325000 -320000 406762 
Na+ -261881 -240300 138323 
K+ -282462 -252170 80626 
Ca2+ -552790 -543083 517142 





Table E.4 Partial molar heat capacity (at 1 bar) and volume terms of solutes 
(Equations 3.6 and 3.7) 
 
Component c1 c2 v1 v2 v3 v4 
 (J/mol-K) (J-K/mol) (J/mol-bar) (J/mol) (J-K/mol-bar) (J-K/mol) 
Methane 176.12 6310762 2.829 3651.8 9.7119 -131365 
Ethylene 163.59 5846257 3.287 5288.2 -7.8396 -138131 
Ethane 226.67 9011737 3.612 5565.2 2.1778 -139277 
Propylene 209.62 8447000 4.170 6925.3 -3.1648 -144900 
Propane 277.52 11749531 4.503 7738.2 -6.3316 -148260 
n-Butane 330.77 14610096 5.500 11014.4 -14.9298 -157256 
i-Butane 330.77 14610096 5.500 11014.4 -14.9298 -157256 
n-Pentane 373.24 16955051 6.282 12082.2 -23.4091 -166218 
i-Pentane 373.00 16997948 6.300 12100.0 -23.4000 -166000 
Benzene 338.33 1072758 5.491 7579.0 49.4653 -147599 
2,3-Dimethyl-1-Butene 425.00 19734906 7.200 14300.0 -32.0000 -175000 
3,3-Dimethyl-1-Butene 425.00 19734906 7.200 14300.0 -32.0000 -175000 
Methylcyclopentane 425.00 19734906 7.200 14300.0 -32.0000 -175000 
n-Hexane 424.53 19680558 7.175 14264.4 -32.0202 -175238 
Neohexane 425.00 19734908 7.200 14300.0 -32.0000 -175000 
2,3-Dimethylbutane 425.00 19734908 7.200 14300.0 -32.0000 -175000 
Toluene 392.98 1745012 6.287 9169.4 50.7724 -154176 
Cycloheptane 472.00 22327815 8.100 16400.0 -40.5000 -184000 
Ethylcyclopentane 472.00 22327815 8.100 16400.0 -40.5000 -184000 
Methylcyclohexane 472.00 22327815 8.100 16400.0 -40.5000 -184000 
n-Heptane 472.37 22283347 8.064 16435.2 -40.5342 -184213 
2,2,3-Trimethylbutane 472.00 22327914 8.100 16400.0 -40.5000 -184000 
2,2-Dimethylpentane 472.00 22327914 8.100 16400.0 -40.5000 -184000 
3,3-Dimethylpentane 472.00 22327914 8.100 16400.0 -40.5000 -184000 
cis-1,2-Dimethylcyclohexane 522.00 24920724 9.000 18600.0 -49.1000 -193000 
1,1-Dimethylcyclohexane 522.00 24920724 9.000 18600.0 -49.1000 -193000 
Ethylcyclohexane 522.00 24920724 9.000 18600.0 -49.1000 -193000 
n-Octane 522.13 24886075 8.961 18624.1 -49.1356 -193263 
n-Nonane 571.90 27607264 9.830 20730.0 -57.4000 -201950 
n-Decane 621.10 30256344 10.710 22890.0 -65.9000 -210850 
Nitrogen 149.75 5046230 2.596 3083.0 11.9407 -129018 
Hydrogen Sulfide 135.14 2850801 2.724 2833.6 24.9559 -127989 
Carbon Dioxide 167.50 5304066 2.614 3125.9 11.7721 -129198 
Xenon 176.16 6126637 3.146 4426.4 6.6605 -134570 
Methanol 165.21 -903211 2.903 2307.3 47.7051 -125809 
Ethanol 251.11 90828 3.863 4166.5 50.8126 -133495 
Ethylene Glycol -2.55 5711758 4.000 0 0 0 
Na+ 76.065 -593488 0.7694 -956.04 13.6231 -114056 
K+ 30.962 -1079442 1.4891 -616.30 22.7400 -113470 
Ca2+ 37.656 -1520020 -0.0815 -3034.24 22.1610 -103721 






Table E.5 Parameters for dielectric constant of water (Equation 3.9) 
 
i = 0 1 (K-1) 2 (K-2) 
a1i 243.9576 -0.7520846 6.60648E-4 
a2i (bar-1) 0.039037 -2.12309E-4 3.18021E-7 
a3i (bar-2) -1.01261E-5 6.04961E-8 -9.33341E-11 
 
Table E.6 Formation properties and heat capacity terms of pure water (Equations 





h (J/mol) a0 /R 
a1 /R (K-1) 
(102) 
a2 /R (K-2) 
(105) 
a3 /R (K-3) 
(109) 
-237129 -285830 8.712 0.125 -0.018 0 
 
Table E.7 Parameters for volume of water (cm3/mol) (Equation 3.11) 
 
i = 0 1 (K-1) 2 (K-2) 3 (K-3) 
a1i 31.1251 -1.14154E-1 3.10034E-4 -2.48318E-7 
a2i (bar-1) -2.46176E-2 2.15663E-4 -6.48160E-7 6.47521E-10 
a3i (bar-2) 8.69425E-6 -7.96939E-8 2.45391E-10 -2.51773E-13 
a4i (bar-3) -6.03348E-10 5.57791E-12 -1.72577E-14 1.77978E-17 
 
Table E.8 Ionic interaction parameters (Equation 3.18) 
 
 Bij = b1+b2T+b3T2 
Ion Pair b1 b2 b3 
Na+-Cl- -0.554860699 4.2795E-3 -6.529E-6 
K+-Cl- 0.178544751 -9.55043E-4 1.8208E-6 
Ca2+-Cl- 0.549244833 -1.870735E-3 3.3604E-6 
    
 Cij = c1+c2T+c3T2 
Ion Pair c1 c2 c3 
Na+-Cl- -0.016131327 -1.25089E-5 5.89E-8 
K+-Cl- -5.546927E-3 4.22294E-5 -9.038E-8 
Ca2+-Cl- -0.011031685 7.49491E-5 -1.639E-7 
    
 Dij = d1+d2T+d3T2 
Ion Pair D1 d2 d3 
Na+-Cl- -1.12161E-3 2.49474E-5 -4.603E-8 
K+-Cl- 7.12650E-5 -6.04659E-7 1.327E-9 




Table E.9 Aqueous species interaction parameters (Equations 3.19 and 3.20) 
 
 Interaction Parameter 
 β0 = a + bT + cP 
Species Pair a b c 
β1 
H2S-H2S 0.1 -4.7E-4 0 0 
CO2-CO2 0.107 -4.5E-4 0 0 
CH3OH-CH3OH -0.02214 7.4E-5 -2.6E-6 0 
CH3OH-CH4 0.1 -4.48E-4 0 0 
CH3OH-C3H8 0.247 -1.0E-3 0 0 
Na+-CH4 0.025 0 0 -5.0E-3 
Cl--CH4 0.025 0 0 -5.0E-3 
Na+-C3H8 -0.09809 4.19E-4 -6.2E-6 0 






















E.3 Hydrocarbon Fugacity Model 
What follows are the critical properties, molecular weight, acentric factor, and 
vapor pressure corrections for each component using the SRK EoS. 
 
Table E.10 Critical properties and molecular weight (Equation 3.26) 
Component Tc (K) Pc (bar) 
Vc 
(L/mol) MW ω S2 
Methane 190.56 45.991 0.09865 16.043 0.0115 -0.012223 
Ethylene 282.34 50.401 0.13100 28.054 0.0865 -0.002805 
Ethane 305.32 48.721 0.14548 30.070 0.0995 -0.012416 
Propylene 365.57 46.650 0.18836 42.081 0.1398 -0.006163 
Propane 369.83 42.481 0.20014 44.097 0.1523 -0.003791 
n-Butane 425.12 37.960 0.25509 58.124 0.2002 0.003010 
i-Butane 408.14 36.481 0.26271 58.124 0.1808 0.006209 
n-Pentane 469.70 33.701 0.31305 72.151 0.2515 -0.000636 
i-Pentane 460.43 33.810 0.30584 72.151 0.2275 -0.005345 
Benzene 562.16 48.981 0.25894 78.114 0.2100 -0.000318 
2,3-Dimethyl-1-Butene 500.00 32.200 0.34887 84.162 0.2269 0.004265 
3,3-Dimethyl-1-Butene 480.00 32.900 0.33311 84.162 0.2257 -0.008468 
Methylcyclopentane 532.79 37.851 0.31892 84.162 0.2302 -0.001461 
n-Hexane 507.60 30.251 0.37122 86.178 0.3013 -0.007459 
Neohexane 488.78 30.810 0.35884 86.178 0.2350 -0.006195 
2,3-Dimethylbutane 499.98 31.270 0.35777 86.178 0.2461 -0.004579 
Toluene 591.80 41.060 0.31580 92.141 0.2621 -0.005125 
Cycloheptane 604.30 38.403 0.35920 98.189 0.2430 -0.004421 
Ethylcyclopentane 569.52 33.981 0.37514 98.189 0.2716 -0.002891 
Methylcyclohexane 572.19 34.710 0.36779 98.189 0.2350 -0.000172 
n-Heptane 540.20 27.400 0.42788 100.205 0.3495 -0.003031 
2,2,3-Trimethylbutane 531.17 29.536 0.39786 100.205 0.2504 0 
2,2-Dimethylpentane 520.50 27.733 0.41600 100.205 0.2879 -0.003786 
3,3-Dimethylpentane 536.40 29.456 0.41412 100.205 0.2672 -0.004779 
cis-1,2-Dimethylcyclohexane 606.15 29.385 0.46026 112.216 0.2324 0.014432 
1,1-Dimethylcyclohexane 591.15 29.385 0.44975 112.216 0.2326 0.007389 
Ethylcyclohexane 609.15 30.400 0.43013 112.216 0.2455 0 
n-Octane 568.70 24.900 0.48635 114.232 0.3996 -0.000821 
n-Nonane 594.60 22.900 0.54367 128.259 0.4435 0.005435 
n-Decane 617.70 21.100 0.59958 142.286 0.4923 0.003324 
Nitrogen 126.20 34.001 0.08919 28.013 0.0377 -0.011016 
Hydrogen Sulfide 373.53 89.630 0.09849 34.076 0.0942 0.010699 
Carbon Dioxide 304.21 73.831 0.09396 44.010 0.2236 -0.004474 
Xenon 289.74 58.405 0.11803 131.300 0.0000 0 
Water 647.30 220.483 0.05595 18.015 0.3440 -0.201789 
Methanol 512.58 80.959 0.11781 32.040 0.5656 -0.430885 
Ethanol 516.25 63.835 0.16681 46.070 0.6371 -0.216396 




The constants, S1 are calculated using Equation 3.31 for all components except for the 





Table E.11 is a listing of interaction parameters for all components.   
 
Table E.11 Interaction parameters for hydrocarbon fugacity model (Equation 
3.28) 
 
Components Methane N2 H2S CO2 Water MeOH EtOH 
Methane - 0.0291 0.0912 0.0936 0.4965 - - 
Ethylene - 0.0441 - 0.0568 0.3217 - - 
Ethane - 0.0082 0.0846 0.1320 0.5975 - - 
Propylene - 0.0852 - 0.0686 0.3815 - - 
Propane - 0.0862 0.0874 0.1300 0.5612 - - 
n-Butane - 0.0596 0.0564 0.1336 0.5569 0.2015 0.0709 
i-Butane - 0.0845 0.0549 0.1289 0.5382 0.2411 - 
n-Pentane - 0.0917 0.0655 0.1454 0.5260 0.1746 - 
i-Pentane - 0.1070 - 0.1371 0.5084 - - 
Benzene 0.0371 0.1697 - 0.0734 0.3238 0.1147 0.1108 
2,3-Dimethyl-1-Butene - - - - 0.5238 - - 
3,3-Dimethyl-1-Butene - - - - 0.5257 - - 
Methylcyclopentane - - - - 0.5135 0.0980 0.0852 
n-Hexane 0.0258 0.1552 - 0.1167 0.4969 0.0932 - 
Neohexane - - - - 0.5272 - - 
2,3-Dimethylbutane - - - - 0.4816 0.0777 - 
Toluene 0.0612 0.2193 0.0142 0.0935 0.3024 0.1330 0.1145 
Cycloheptane - - - - 0.4779 - - 
Ethylcyclopentane - - - - 0.4823 - - 
Methylcyclohexane - - - - 0.4822 0.0716 0.0774 
n-Heptane 0.0148 - 0.0191 0.1209 0.4880 - 0.0759 
2,2,3-Trimethylbutane - - - - 0.4886 - - 
2,2-Dimethylpentane - - - - 0.4903 - - 
3,3-Dimethylpentane - - - - 0.4881 - - 
cis-1,2-Dimethylcyclohexane - - - - 0.5108 - - 
1,1-Dimethylcyclohexane - - - - 0.5120 - - 
Ethylcyclohexane - - - - 0.5078 - - 
n-Octane 0.0544 - - - 0.4871 0.0786 0.0960 
n-Nonane - - 0.0543 - 0.4832 - 0.0863 
n-Decane 0.0417 0.1243 0.0033 0.1440 0.4820 - - 
Nitrogen 0.0291 - 0.1475 -0.0462 0.5063 - - 
Hydrogen Sulfide 0.0912 0.1475 - 0.1093 0.1450 - - 
Carbon Dioxide 0.0936 -0.0462 0.1093 - -0.0700 - - 




For binary pairs in which an interaction parameter is not given, the following correlations 
are used (API, 1999): 
CH4 : 4 40.014iCH i CHk δ δ= −      E.1 
N2 : 2 20.0403iN i Nk δ δ= −      E.2 
H2S : 2 20.0316iH S i H Sk δ δ= −      E.3 
CO2 : 0.10ijk =        E.4 
Where δi is the solubility parameter in calories per cubic centimeter.  Note that Equation 
E.1 should not be used for solubility parameter differences greater than 3.5 cal/cm3.  
Table E.12 gives the solubility parameters for each component. 
 
Table E.12 Solubility parameters (cal/cm3) for Equations E.1 to E.4 
Component δi (cal/cm3) 
 Component δi (cal/cm3) 
Methane 5.680  Methylcyclohexane 7.954 
Ethylene 6.080  n-Heptane 7.433 
Ethane 6.050  2,2,3-Trimethylbutane 6.965 
Propylene 6.313  2,2-Dimethylpentane 6.945 
Propane 6.400  3,3-Dimethylpentane 7.105 
n-Butane 6.768  cis-1,2-Dimethylcyclohexane 7.944 
i-Butane 6.376  1,1-Dimethylcyclohexane 7.662 
n-Pentane 7.059  Ethylcyclohexane 7.998 
i-Pentane 6.750  n-Octane 7.506 
Benzene 9.144  n-Nonane 7.562 
2,3-Dimethyl-1-Butene 7.172  n-Decane 7.556 
3,3-Dimethyl-1-Butene 6.664  Nitrogen 4.440 
Methylcyclopentane 7.907  Hydrogen Sulfide 8.800 
n-Hexane 7.328  Carbon Dioxide 7.120 
Neohexane 6.730  Xenon 7.780 
2,3-Dimethylbutane 7.017  Water 22.380 
Toluene 8.969  Methanol 0 
Cycloheptane 8.416  Ethanol 0 






E.4 Pure Solid Fugacity Model (and Standard Hydrates) 
 What follows are the formation properties, heat capacity, and molar volume of 
each pure solid phase.  These parameters are used in Equations 3.27, 3.4, and 3.29.  Note 
that, since the standard hydrates are pure phases, parameters are listed for them as well. 
 
Table E.13 Formation properties of pure phases (Equation 3.27) 
Phase 0i og  (J/mol) 0i oh  (J/mol) 
Ice -236539.24 -292714.43 
sI-β -235537.85 -291758.77 
sII-β -235627.53 -292044.10 
sH-β -235491.02 -291979.26 
NaCl -384138.00 -411153.00 
KCl -409140.00 -436747.00 
CaCl2 -748100.00 -795800.00 
 
Table E.14 Heat capacity parameters of pure phases at 1 bar (Equation 3.4) 
Phase a0 /R 
a1 /R (K-1) 
(102) 
a2 /R (K-2) 
(105) 
a3 /R (K-3) 
(109) 
Ice 0.735409713 1.4180551 -1.72746 63.5104 
sI-β 0.735409713 1.4180551 -1.72746 63.5104 
sII-β 0.735409713 1.4180551 -1.72746 63.5104 
sH-β 0.735409713 1.4180551 -1.72746 63.5104 
NaCl 5.526 0.1963 0 0 
KCl 6.17 0 0 0 
CaCl2 8.646 0.153 0 0 
 
Table E.15 Molar volume parameters of pure phases (Equation 3.29) 
Phase v0 (cm3/mole) α1 (K-1) α2 (K-2) α3 (K-3) κ (bar-1) 
Ice 19.7254 1.522300E-4 1.660000E-8 0 1.3357E-5 
sI-β 22.7712 3.384960E-4 5.400990E-7 -4.769460E-11 3.0000E-5 
sII-β 22.9456 2.029776E-4 1.851168E-7 -1.879455E-10 3.0000E-6 
sH-β 24.2126 3.575490E-4 6.294390E-7 0 3.0000E-7 
NaCl 26.9880 2.000000E-5 0 0 2.0000E-6 
KCl 37.5760 2.000000E-5 0 0 2.0000E-6 




E.5 Hydrate Fugacity Model 
 What follows are the formation properties and their perturbations of the standard 
empty hydrates.  All other properties of the standard hydrates are given in Section 4.4.  
Also given are the volume parameters, Kihara potential parameters for each hydrate 
guest. 
 
Table E.16 Formation properties of standard hydrates (Equations 4.35 and 4.39) 
Hydrate 0wg β  (J/mol) 0wh β  (J/mol) a (J/cm
3) b (J/cm3) 
sI -235537.85 -291758.77 25.74 -481.32 
sII -235627.53 -292044.10 260.00 -68.64 
sH -235491.02 -291979.26 0 0 
 
Table E.17 Volumetric thermal expansion parameters for hydrate volume 
(Equation 4.56) 
 
Hydrate α1 (K-1) α2 (K-2) α3 (K-3) 
sI 3.384960E-4 5.400990E-7 -4.769460E-11 
sII 2.029776E-4 1.851168E-7 -1.879455E-10 
sH 3.575490E-4 6.294390E-7 0 
 
Table E.18 Compressibility parameters for hydrate volume (Equation 6.22) 
Component sI sII 
Methane 1.0E-5 5.0E-5 
Ethylene 2.2E-6 2.2E-5 
Ethane 1.0E-8 1.0E-7 
Propylene 1.0E-7 1.0E-6 
Propane 1.0E-7 1.0E-6 
n-Butane NA 1.0E-8 
i-Butane NA 1.0E-8 
i-Pentane NA 1.0E-8 
Benzene NA 1.0E-8 
Nitrogen 1.1E-5 1.1E-5 
H2S 5.0E-6 1.0E-5 
CO2 1.0E-6 1.0E-5 





Table E.19 Repulsive constants and guest diameters for Equation 4.42 
Component Diameter (Å) sI small sI large sII small sII large 
Methane 4.247 1.7668E-2 0 2.0998E-3 1.1383E-2 
Ethylene 4.816 0 1.0316E-2 2.3814E-3 1.3528E-2 
Ethane 5.076 0 1.5773E-2 2.5097E-3 1.4973E-2 
Propylene 5.522 0 2.5154E-2 0 2.1346E-2 
Propane 5.745 0 2.9839E-2 0 2.5576E-2 
n-Butane 6.336 0 0 0 3.6593E-2 
i-Butane 6.306 0 0 0 3.6000E-2 
i-Pentane 6.777 0 0 0 4.7632E-2 
Benzene 6.272 0 0 0 3.5229E-2 
Nitrogen 4.177 1.7377E-2 0 2.0652E-3 1.1295E-2 
H2S 4.308 1.7921E-2 0 2.1299E-3 1.1350E-2 
CO2 4.603 0 5.8282E-3 2.2758E-3 1.2242E-2 
Xenon 4.404 1.8321E-2 0 2.1774E-3 1.1524E-2 
 
Table E.20 Kihara potential parameters (Equation 3.43) (a is from Sloan 1998) 
Component a (Å) σ (Å) ε/k (K) 
Methane 0.3834 3.14393 155.593 
Ethylene 0.4700 3.24461 180.664 
Ethane 0.5651 3.24693 188.181 
Propylene 0.6500 3.33039 186.082 
Propane 0.6502 3.41670 192.855 
n-Butane 0.9379 3.51726 197.254 
i-Butane 0.8706 3.41691 198.333 
i-Pentane 0.9868 3.54550 199.560 
Benzene 1.2000 3.25176 223.802 
2,3-Dimethyl-1-Butene 1.0175 3.55376 211.924 
3,3-Dimethyl-1-Butene 0.7773 3.56184 253.681 
Methylcyclopentane 1.0054 3.56878 229.928 
Neohexane 1.0481 3.54932 229.832 
2,3-Dimethylbutane 1.0790 3.57910 210.664 
Cycloheptane 1.0576 3.59028 250.187 
Ethylcyclopentane 1.1401 3.60425 219.083 
Methylcyclohexane 1.0693 3.58776 237.989 
2,2,3-Trimethylbutane 1.1288 3.59955 232.444 
2,2-Dimethylpentane 1.2134 3.59989 224.609 
3,3-Dimethylpentane 1.2219 3.59117 204.968 
cis-1,2-Dimethylcyclohexane 1.1494 3.60555 233.510 
1,1-Dimethylcyclohexane 1.1440 3.60212 246.996 
Ethylcyclohexane 1.1606 3.60932 220.527 
Nitrogen 0.3526 3.13512 127.426 
Hydrogen Sulfide 0.3600 3.10000 212.047 
Carbon Dioxide 0.6805 2.97638 175.405 
Xenon 0.2357 3.32968 193.708 
 
